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SUMMARY 

The physical and chemical processes which occur during the formation of 
different types of films In a variety of glow discharge plasmas are discussed. 
Emphasis Is placed on plasma diagnostic experiments using spectroscopic meth- 
ods, probe analysis, mass spectrometrlc sampling and magnetic resonance tech- 
niques which are well suited to Investigate the neutral and Ionized gas phase 
species as well as some aspects of plasma surface Interactions. The results 
on metallic, semi-conducting and Insulating films are reviewed In conjunction 
with proposed models and the problems encountered under film deposition con- 
ditions. It Is concluded that the understanding of film deposition processes 
requires additional experimental Information on plasma surface Interactions of 
free radicals and the synergetic effects where photon, electron and Ion bom- 
bardment change the reactivity of the Incident radical with the surface. 


INTRODUCTION 

The transitory existence of atoms and free radicals has long been estab- 
lished In spectroscopy. Line spectra, of course, have their origin In free 
atoms, and Investigations of band spectra have quite definitely shown the 
existence of free radicals. Generally, high temperature Is needed to produce 
these particles, so the chemistry Investigated Is necessarily that of ener- 
getic species In the gas phase. Their high reactivity results In their rapid 
disappearance by reaction with themselves or with other substances which may 
be present. Often, condensation or deposition from vapor phase results on a 
surface, sometimes also known as a substrate , which relieves the species of 
their energies. If the coating thus formed Is less than about 1x10“^ m It 
Is called a thin film . Clearly, the deposition process Involves a phase 
transformation which can be understood from thermodynamics and kinetics 
.studies . 

Because of Important Industrial applications thin film technology has 
grown rapidly during the past two decades or so. Originally, thin films were 
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produced by pyrolytic chemical vapor deposition (CVD) and deposition of Inor- 
ganic or metal films from solution by plating, anodization, etc. Subsequently, 
physical methods were developed for deposition of films. One such method 1 
makes use of "glow discharges" which produce a unique state of matter called 
plasma . In this chapter we will attempt a short review of the process of film 
formation as understood from analyses of glow discharge plasmas rather than of 
the films they produce. The latter topic, which has substantially contributed 
to the practical aspects of thin film technology will be covered In other 
chapters In this book. The reader Is cautioned that descriptions of the plasma 
will be made In the context of the glow discharge process only. For a rigor- 
ous discussion of plasmas and plasma chemistry the reader Is referred to a 
book edited by Venugopalan (1971). 


The Plasma State 

A plasma Is a collection of charged and neutral particles resulting from 
the partial Ionization of the atoms or molecules of a gas generally by an 
external electric field. In the types of plasmas discussed In this chapter, 
the degree of Ionization Is typically only 10~ 4 , so the gas consists mostly 
of neutrals. The Coulomb Interaction of the charged particles with each other 
and with whatever electric (and magnetic) fields are externally applied Is 
both strong and long-range so that collective behavior constitutes the prime 
characteristic of a plasma. The neutral particles, on the contrary. Interact 
with each other and with the charged particles via the short range forces that 
come Into play only during close encounters. The essential mechanisms In the 
plasma are excitation and relaxation and Ionization and recombination. We may 
characterize the effects of all these Interactions In terms of macroscopic 
variables such as pressure, density and temperature. 

The plasma Itself Is virtually electric field free, l.e., equlpotentlal . 
It Is this potential that Is called the plasma potential, V p . The electron 
density, n e , and Ion density, n^ , are equal (on average) so that the 
plasma Is quasi-neutral; their number, which Is much less than the density of 
neutrals, Is often known as the plasma density. Typical glow discharge 
plasmas have densities of 10 9 -10 12 cm -3 . There Is a distribution of 
electron energies, f(E), which Is at best described as non-Maxwelllan. The 
average electron energies are around 2 to 10 eV which corresponds to electron 
temperatures T e of 10 4 -10 5 K. But the Ions have only temperatures, 

T^, somewhat above ambient, say 500 K, so that there Is a nonequilibrium 
nature of the plasma which leads to deposition of a film at much lower temper- 
atures than are possible with pyrolytic CVD. This Is the main reason for the 
sustained Interest In the glow discharge as a means for film deposition. 

Another reason we may cite Is the possibility of using temperature- 
sensitive substrates. However, substrates Immersed In a plasma acquire a 
negative floating potential with respect to the plasma. Consequently, the 
condensing species on the substrates would be subjected to Ion bombardment, 
which can affect the heterogeneous reactions occurring on the substrate 
surface and thus Influence the properties of the growing film. The Ion 


^n Ion-beam deposition substrates are not Immersed In a glow discharge, 
but are In a relatively good vaccum. 
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Impact may set up a series of collisions between atoms of the substrate, 
possibly leading to the ejection or sputtering of one of these atoms. While 
sputtering Is In Itself a process used for the deposition of thin films. In 
glow discharges It may result In undesirable structural rearrangements of the 
deposited film. Nevertheless, by the application of glow discharge plasmas 
films of novel materials and commercial value have been produced. Further, 
plasma deposited films are conformal In nature and produce a lower pinhole 
density compared to "llne-of-slght" deposition techniques such as evaporation 
and sputtering. 


Phenomena and Parameters Relevant to Film Formation 

In the previous chapter the theory of thin film formation was discussed. 
In general, the substrate will have a chemical nature different from that of 
the film material so that we must consider a third phase In which gaseous 
species are adsorbed on the substrate but have not yet reacted with other 
adsorbed species. Figure 1 shows a substrate Indicating the adsorbed phase 
and the likely particles bombarding It when Immersed In a glow discharge. Not 
only the nature and temperature of the substrate but also the adsorption sites 
on Its surface are Important In determining the nature of the deposited film. 
During the film growth, the substrate and growing film will be subject to many 
types of bombardment. A description of this will be attempted after the sce- 
nario of the glow discharge Is presented In the next section. 

Species Impinging on the substrate may be adsorbed on the surface, then 
migrate, evaporate, or collide and combine eventually to form clusters In a 
process known as nucleatlon (fig. 2). This Is the onset of a condensation 
process In which nuclei may contain tens or hundreds of atoms and typically 
have densities of 10 1 ® cm -2 . The build-up and/or growth of several nuclei 
may result In contact between nearest neighbors and so-called formation of 
Islands of film material. Each Island will contain one or a few crystallites. 
On a polycrystalllne substrate, the orientation of each Island will be random, 
so that coalescence of the Islands may produce a polycrystalllne film. 2 
Channels or holes, If any, during the coalescence stage fill via secondary 
nucleatlon to give a continuous film (fig. 2). As In crystal growth, the 
mobile surface species tend to seek out low energy positions. Mobility Is 
enhanced by Increased surface temperature, but locating favorable lattice 
sites Is time-consuming so that a high substrate temperature and low depo- 
sition rate lead to large grains, low density of crystal defects, and large 
film thickness for continuity. 

Phenomena such as these are described In terms of the sticking coef - 
ficient which Is the ratio of the amount of species condensed on the substrate 
to the amount which has Impinged. So far we have not delineated the plasma 
species which may undergo these phenomena. Of course, Ions and electrons are 
present In any plasma. Recombination of positive Ions and electrons gives 
rise to highly excited states that may dissociate Into neutral fragments but 
more probably dissociate Into radicals. A considerable body of analytical 


2 In the case of a single crystal substrate, the Island orientations may 
be determined by the substrate structure so that growth and coalescence leads 
to a single crystalline film. This Is known as the phenomenon of epitaxy , 
described by Bauer and Poppa (1972). 
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evidence has shown that a wide variety of free radicals are formed In glow 
discharges. Experiments and/or theory from the field of surface science offer 
nothing more than Intuitive guidelines about the Interaction of radicals with 
surfaces. It Is, however, known that radicals frequently chemisorb on sur- 
faces which appear Inert to the parent molecule. In a recent discussion of 
this topic Winters (1980) has suggested that radicals have reasonably large 
sticking coefficients, but that they are not unity. 

Figure 3 Illustrates the parameter problem relevant to film formation. 

It Is obvious that the results of film deposition are subject to large number 
of variables that are Interdependent. For this reason experimental results 
from one deposition system to another are often not easily reproducible. The 
key Insight that Is needed Is the Identity, abundance and energy of all species 
Incident on the substrate surface. This depends on the electrical element 
(plasma) of the system which In turn depends on a number of gas kinetic param- 
eters. The complexity of polyatomic molecular gas discharges often used for 
thin films would appear to preclude quantitative Information about species 
concentration being derived from n e and f(E) even If these can be deter- 
mined, since much of the cross section data for lonl zatlon/dlssoclatlon or 
Ion-molecule and radical-molecule reactions does' not presently exist. Thus, 
mechanistic understanding In relation to the plasma becomes difficult. But 
process control should be feasible by the use of film thickness/composition 
monitors, mass spectroscopy, and optical spectroscopy for detecting gas phase 
Intermediates and for monitoring their concentration. 


GLOW DISCHARGES 

Architecture of Glow Discharges 

Consider a glass tube containing a gas at low pressure, say 1 torr. Into 
each end of the tube Is Inserted an electrode. Between the electrodes Is 
connected a direct current (dc) power supply. When a voltage Is first applied 
a very small current flows In random bursts (fig. 4). As the voltage Is 
Increased, the current Increases steadily. As the current Increases, the gas 
begins to glow visibly and the potential across the tube drops to a constant 
value. We say that a glow discharge has been established In the tube. The 
early work In gas discharges centered around the study of the visual behavior 
of the glow discharge, and led to a classification of the various regions 
Illustrated In figure 5. There are excellent descriptions of these In many 
textbooks such as Cobine (1958), von Engel (1965), and Nasser (1971). Before 
we analyse the spatial characteristics let us examine the voltage-current 
characteristics In some detail. 

Ordinarily, there exists In a gas a small number of Ions and electrons 
due to Ionization by cosmic radiation. The Initial application of a dc poten- 
tial causes these charges to move and cause random bursts of nearly constant 
current. The cathode emits electrons by a mechanism called field emission In 
■which the electric field near the cathode surface extracts electrons directly 
from the metal. As the voltage Is Increased the charged particles acquire 
more energy, and undergo collisions with the electrodes and with neutral gas 
atoms producing more Ions. If the voltage between the electrodes Is high 
enough the Ions striking the cathode can release electrons. This "secondary 
electron emission" causes the current to Increase at a constant voltage 
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known as the threshold or breakdown potential, V m . 3 When the number of 
electrons produced Is just sufficient to produce enough Ions to regenerate the 
same number of electrons, a self-sustaining discharge Is obtained. It Is at 
this point the gas begins to "glow," the voltage drops, and the current rises 
abruptly (fig. 4). 

The breakdown voltage, V m , Is crucial to the formation of the glow dis- 
charge. Its magnitude Is governed, among others, by the Interelectrode sepa- 
ration and the gas pressure which determines the mean free path of secondary 
electrons. If the pressure and/or separation are too large, Ions generated In 
the gas are slowed by Inelastic collisions and they strike the cathode with 
Insufficient energy to produce secondary electrons. On the other hand, If the 
gas pressure Is too low or the electrode separation too small, the secondaries 
cannot undergo a sufficient number of Ionizing collisions before they are 
collected at the anode. 

The secondary electron emission ratio of most materials Is of the order 
of 0.1 so that several Ions must bombard a given area of the cathode to produce 
another secondary electron. Initially, the bombardment Is concentrated near 
th edges of the cathode or at other Irregularities on the surface. As more 
power Is supplied, the bombardment covers the whole cathode surface and a 
constant current Is achieved. Further Increases In power produce both In- 
creased voltage and current In a region known as the "abnormal glow" (fig. 

4). This mode Is usually used In virtually all glow discharge processes 
Including film deposition. If thermionic emission occurs as a result of the 
cathode heating to a high temperature the discharge will transcend Into an 
electrical arc characterized by a low-voltage high-current profile (fig. 4). 

Within a glow discharge there exists distributions of potential, field, 
space charge, and current density as shown In figure 5. Visually these are 
seen as regions of varied luminosity. The application of a voltage primarily 
affects the region near the cathode, where It facilitates electron emission. 
Adjacent to the cathode, there Is a narrow luminous region known as the cathode 
glow. The light emitted Is characteristic of both the cathode material and 
the Incident Ion. Thus It Is the region In which the positive Ions formed at 
the cathode and the Incoming discharge Ions are neutralized by a variety of 
processes . 

Secondary electrons are repelled at high velocity from the cathode and 
make collisions with neutrals at a distance away from the cathode correspond- 
ing to their mean free path. Because the electrons lose their energy by 
collisions nearly all of the applied voltage appears across this dark space. 
Since the mobility of Ions Is very much less than that of electrons, the 
predominant species In the dark space are Ions. The high net positive space 
charge present In the cathode dark space forms a sheath and causes the sudden 
Increase In potential between the cathode and the leading edge of the negative 
glow. This part of the potential Is referred to as the cathode fall and Is 
typically 100 to 400 V In magnitude. 


3 The term Townsend discharge , after the physicist who studied this 
phenomenon, Is used to delineate this stage In the formation of a glow 
discharge. 
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Acceleration of secondary electrons from the cathode results In Ionizing 
collisions In the negative glow region. It so happens that most plasma depo- 
sition systems are essentially negative glow type discharges. The general 
consensus regarding the electron energy distribution In the negative glow Is 
well summarized by Chapman (1980) as consisting of: 

(1) Primary electrons with typical densities of 10 4 5 6 or so at 1 torr 
pressure, which enter from the cathode sheath with nearly the full dark space 
potential and decay In energy primarily by Inelastic collisions. 

(2) Secondary electrons (n e = 10 7 or so) of considerably lower 
energy, which are the product of Ionizing collisions or primaries which have 
lost much of their energy. 

(3) Ultimate electrons (n e > 10 9 ), which have energies In the 0.1 to 
3 eV range depending on the pressure and local electric fields. The last 
group 4 Is the net result of the energy exchange processes. 

The Faraday dark space and positive column 6 (fig. 5) are nearly field- 
free regions and are characterized by nearly equivalent concentrations of Ions 
and electrons. For these reasons the positive column most nearly resembles a 
plasma. Unfortunately, In many glow discharge systems the Interelectrode 
separation needs to be small so that the anode Is located In the negative 
glow; therefore, the positive column and the Faraday dark space do not exist. 
The plasma potential, Vp, Is now essentially the potential of the negative 
glow, which Is the most positive potential anywhere In the system. This 
potential must be more positive than the next highest potential on any large 
surface In the discharge by an amount that Is at least as great as the first 
Ionization potential of the gas. 

Now that an overview of the architecture of dc glow discharges has been 
presented we can consider a small electrically Isolated substrate placed In 
the glow. . Initially It will be bombarded by electrons and Ions, but since 
electrons have greater velocities than Ions the substrate Immediately starts 
to build a negative charge and hence negative potential with respect to the 
plasma. A negatively charged substrate will repel electrons and attract Ions. 
Thus the electron flux decreases, but the substrate continues to charge nega- 
tively until the electron flux Is reduced by repulsion Just enough to balance 
the Ion flux. The floating potential, Vf, Is the potential at which equal 
numbers of electrons and Ions arrive at a surface that Is not externally biased 
or grounded. 6 The floating potential Is related to the electron temperature 
by the approximate relation given by Chen (1965): 


4 In radiofrequency (rf) discharges, the electric fields In the plasma 
volume may raise the average electron energy so that secondary and ultimate 
electron groups are not distinguishable. 

5 In a self-maintained discharge the emission Is not unlimited so that 
the plasma column far from the cathode retains a^ positive charge. Hence the 
usage of the term "positive column." 

6 In this case It Is the same as the substrate potential, V$. 
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Vf = (l/2e)kT e ln[irm e /2m^] 


(1) 


where 

k Boltzmann constant 
e unit electron charge 
m e electron mass 
m^ Ion mass. 

In the case of a discharge tube having Insulating walls (fig. 5), these walls 
also require zero steady state net flux, so that wall potential and floating 
potential are related terms. Since V f Is such as to repel electrons, 
then Vf < V p . In the absence of a reference, only V p - Vf Is meaningful; 
this difference determines the maximum energy with which Ions collide with the 
electrically floating substrate. 


Types and Supporting Modes 

In the previous section we have described the classical type of glow 
discharge which Is operated by dc potentials. When an alternating current 
(ac) power supply Is used (fig. 5), each electrode alternately acts as cathode 
and anode. On each half cycle a dc-type discharge Is established once the 
breakdown voltage Is surpassed. At radiofrequencies (5 to 30 MHz) the elec- 
trons oscillating In the glow space have sufficient energies to cause Ionizing 
collisions, thus reducing the dependence of the discharge on secondary elec- 
trons and lowering the breakdown voltage. Because rf voltage can be coupled 
through any kind of Impedance It Is possible to use reactors without Internal 
electrodes. 

Two most common techniques for coupling rf power Into a glass tube, often 
referred to as a tubular or tunnel reactor, are shown In figure 6. In the 
capacltlvely coupled reactor rf power Is coupled through the capacitance of 
the dielectric wall of the tube; In the so-called "Inductively coupled" 
reactor, the rf power Is also coupled capacltlvely through the wall, except 
that coupling Is not uniform In that air gaps may be present. Flat-bed 
reactors (fig. 7), on the other hand, have a configuration In which the sub- 
strate rests on a grounded or floating table with the powered rf electrode 
above. 7 Note that a series capacitor Is usually Inserted between the rf 
generator and the powered electrode. 

For a tubular reactor the distribution of potential In space taken across 
the diameter of the tube Is symmetrical. In the flat-bed reactor the largest 
potential difference Is found between the plasma and the capacltlvely coupled 
electrode, but significant potentials can develop between the plasma and 
grounded or floating surfaces In contact with the discharge. Koenig and 
Malssel (1970) have shown that the ratio of these potentials Is area dependent. 
The difference between the plasma potential and that on the powered capacl- 
tlvely coupled surface largely determines how much sputtering of that surface 


7 A variation of this reactor In which the substrate rests on the power- 
ed electrode was used by Holland and Ojha (1976) for deposition of carbon 
films . 
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will occur. Ground potential In flat-bed reactors Is always negative with 
respect to the plasma, so the difference between the plasma potential and 
ground determines the amount of Ion bombardment (sputtering) that occurs on 
grounded surfaces In contact with the discharge. Vossen (1979) has determined 
that the plasma potential and floating substrate and wall potentials In a 
parallel-plate deposition system and an "Inductively coupled" tunnel reactor 
can vary substantially, depending on the discharge conditions. 

Because of the difference In mobility between electrons and Ions the 
static 1 -V characteristics of the discharge resemble that of a leaky rectifier 
as shown by Butler and Kino (1963) In figure 8. If an rf signal Is applied to 
this type of load, a very large electron current will flow during one-half of 
the cycle while a relatively small Ion current flows on the other half of the 
cycle. Since no charge can be transferred through the dielectric wall (or 
capacitor) between the rf source and the discharge, the electron flow to the 
surface must decrease. With respect to the applied rf signal this means that 
the voltage self-biases negatively as shown In figure 8(b), until the stable 
condition, where equal numbers of electrons and Ions reach the surface on each 
half-cycle, Is attained. This pulsating negative signal sketched In figure 
8(c) by Anderson et al. (1962) has an average value, V s , known as the sheath 
potential; eV s Is the average energy with which Ions enter the surface 
sheath on their way to colliding with the surface. Ions can enter the sheath 
at any time, and so the distribution of Ion energies ranges from 0 to almost 2 
eV s . It Is the negative self-bias that makes the Inside walls of tunnel 
reactors and Internal powered electrodes of flat-bed reactors sputtering 
targets. 

There are numerous variants of the basic designs of rf deposition systems 
described above. We may mention here a system described by Rosier and Engle 
(1979), which combines the higher throughput of wafers In tunnel reactors with 
the uniformity of film thickness and properties In parallel-plate reactors. 
Sokolowskl (1979) and Sokolowskl et al., (1981) used a high energy pulsed 
plasma rather than a continuous discharge for avoiding excessive substrate 
heating. Veprek (1980) has described a reactor In which a material Is trans- 
ported from a solid phase by plasma dissociated gas, such as hydrogen, and 
decomposed by thermal and plasma activation In another part of the reactor. 

In general most Investigators In the field of plasma film deposition have 
used dc and rf discharges (Internally or externally excited). Only few exper- 
iments have been reported using microwave discharges. We may cite here the 
work of Avnl et al., (1983), and Shiloh et al., (1977). Typical microwave 
generators are magnetron or klystron devices radiating at 2.45 GHz. The energy 
Is transferred via waveguides, which are metal tubes, usually of rectangular 
or circular cross section, or resonant cavities (Evenson, Brolda, etc.) which 
are generally cylindrical In shape (fig. 9). Since the glass discharge tube 
Is usually placed along the axis of the cylindrical cavity, the mode of oscil- 
lation of the electromagnetic radiation should be chosen so that the electric 
field lines near the center are parallel to the cavity's axis. This condition 
•Is fulfilled In the TMqi mode, for which the radius of the cylinder should 
be selected equal to 0.383 X where X Is the wavelength of the microwave 
radiation. 

There are basic differences In the fundamental mechanism operating at 
microwave frequencies. In an alternating field the free electrons oscillate 
90° out of phase with the field and cannot derive power from the field (on the 
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average). To acquire energy their collisions with neutral molecules must 
alter their phase relationship with the field. If we assume that the exci- 
tation frequency f Is greater than the elastic collision frequency, the 
maximum displacement x of an electron due to the high frequency field Is 
given by 

x = eE/2ir 2 m e f 2 (2) 

where E Is the field strength. In a typical microwave excitation, E = 30 V 
cm -1 , so that for f = 2.45 6Hz, substitution In equation (2) gives x < 

10 -3 cm. The corresponding maximum electron energy acquired during the 
cycle Is eEx, about 0.02 eV. Thus, the electrons slowly accumulate the 
energy necessary to undergo Inelastic, Ionizing collisions and to sustain the 
discharge. 

As noted In the Introduction, only a few percent of the gas atoms In a 
glow discharge are Ionized. Various configurations to enhance Ionization are 
described by Holland (1974). For Increasing the Ionization efficiency mag- 
netic fields have been Interposed. A magnetic field normal to the cathode 
surface constrains secondary electrons to follow a helical, rather than 
straight-line path. The effect Is to give electrons a longer path length for 
a fixed mean free path, thus Increasing the probability of Ionizing collisions 
before the electron reaches the anode. The magnetic field pinches the dis- 
charge In toward the center of the cathode, resulting In nonuniformity of film 
thickness. On the other hand, a magnetic field parallel to the cathode sur- 
face can restrain the primary electron motion to the vicinity of the cathode 
and thereby Increase the Ionization efficiency. However, the E X B motion 
causes the discharge to be swept to one side. This difficulty has been over- 
come by using cylindrical cathodes which allow the E X B drift currents to 
close on themselves. This Is the general magnetron geometry. Remarkable per- 
formance Is achieved when end losses are eliminated. The first operation In 
the magnetron mode for sputter deposition was achieved by Penning (1936). 

Since 1969 considerable development In this field of work has taken place and 
the reader Is referred to articles by Thornton and Penfold (1978), Fraser 
(1978) and Walts (1978). Morosoff et al. (1978) have reported magnetically 
enhanced deposition rates In rf glow discharges' In ethylene. 

Besides magnetic field Ionization enhancement may be accomplished by 
using hot filament cathodes and hollow cathodes. What Is distinctive about 
the hot filament discharge Is that electron emission from the cathode Is 
primarily by thermionic emission (rather than by Ion Impact) which can be 
Increased almost Indefinitely In the presence of an anode which withdraws the 
electron space charge surrounding the filament (usually made of tungsten). In 
the hollow cathode discharge (von Engel, 1965) a cylindrical cathode Is 
usually used and the Ionization Is Increased by faster electrons from one dark 
space which enter the other. ' 


Processes Occurring In Discharges 

There are several pathways by which various kinds of particles are pro- 
duced and react In a glow discharge. Nasser (1971) has given an excellent 
discussion of the Ionization and deionization processes. Kaufman (1969) has 
reviewed the basic physical processes leading to the production of atoms and 
simple radicals. Because of the complexity Involved In discharge phenomena 
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associated with polyatomic molecules of the sort used for deposition of films, 
say SIH 4 , little or no discussion Is to be found In the published litera- 
ture. Glow discharges In water vapor, carbon dioxide, ammonia and simple 
hydrocarbons are good examples of the chemical complexity of polyatomic dis- 
charge systems (Venugopalan and Jones, 1968; Capltelll and Mollnarl, 1980). 

Figure 10 summarizes the many processes occurring In glow discharges. 

The most Important Ionization processes are the Ionization of gas molecules by 
electron collision and by absorption of radiation, also known as photoion- 
ization (Venugopalan, 1971). The uv/vlslble photons In glow discharges have 
energies In the range 3 to 40 eV (von Engel, 1965). The formation of negative 
Ions occurs when free electrons are available to attach themselves to neutral 
atoms or molecules, usually one or two electrons deficient In the outer shells. 
The widely used rf "electrodeless" discharges (fig. 6 ) are almost similar to 
the positive column of dc discharges (fig. 5), which has a small and constant 
axial voltage drop, and only a small Imbalance of charge carriers, because, 
although electrons Initially diffuse to the tube wall faster than Ions, the 
resultant radial field prevents further charge separation and forces electrons 
and Ions to diffuse equally fast. This process Is called amblpolar diffusion 
and contributes significantly to the disappearance of charged particles. 

Because of amblpolar diffusion the currents of electrons and positive 
Ions reaching the wall must be equal: 

Ip — — DpVn — ny p Er 

= -D^vn + ny^E s (3) 

• = 1l 


where n = n e =n^ Is plasma density, vn the density gradient, 0 the diffusion 
coefficient, y the mobility and E s , the field caused by the (small) space 
charge. By eliminating E s In equation (3), It Is seen that 

1 = -[(De^l + Diy e )/(yi + 

= D a vn (4) 

This Is the defining equation for the amblpolar diffusion coefficient, D a . 

The disappearance of charged species by amblpolar diffusion In the 
absence of a source term Is given by the diffusion equation: 

6 n/$t = 0 a v 2 n (5) 

By solving the equation for the case of an Infinite cylinder It Is seen that 
the diffusion-controlled loss under. steady-state conditions with a spatially 
well distributed source term Is closely approximated by a first-order rate 
constant 


k/s ' 1 = 5.78 D a /r 0 2 


( 6 ) 
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In a plasma deposition reactor using a tube 1 cm In diameter, equation (6) 
will yield k = lxlO 5 s _1 , so that electron Impact Ionization Is the major 
source term for charged species In the discharge. When negative ions are also 
present, as for example In glow discharges of electro-negative gases such as 
SFfc, their principal effect Is to accelerate the amblpolar diffusion of the 
electrons. 

If Penning mechanism which Involves direct Ionization by collision with 
metastables were to occur, the Ionization energy of the metastable must exceed 
the Ionization potential of the other reactant. Typical energies of meta- 
stables are In the range 0 to 20 eV and are to be compared with {he energies 
of glow discharge electrons (0 to 20 eV) and Ions (0 to 2 eV). 

Several radiative, two-body, and three-body recombination mechanisms are 
recognized for the disappearance of the charged particles. Of these, the fast 
reactions are the dissociative recombination of electrons and positive molec- 
ular Ions 

AB + + e - = A + B (7) 

where the products may be electronically excited atoms or free radicals. The 
generally observed range for the rate constant of this type of reaction Is 
1 to 5xl0 -7 cm 3 molecule -1 s -1 . Such products are also formed by the 
dissociation decay of molecules excited by electron Impact: 

e - + AB e - + ( AB) * -» e - + A + B (8) 

For this event to occur the energy of the electrons must exceed the dissoci- 
ation energy of the molecule; the transition must occur within the limits set 
by the Franck-Condon principle. The energies available In many glow dis- 
charges (0 to 20 eV) favor dissociation by electron Impact via excited states. 

Electron Impact excitation of vibrational energy Is a highly specific 
process the cross section of which can differ by two orders of magnitude from 
one molecule to another. The dissociation will usually come about via the 
repulsive upper state which dissociates upon Its first pseudovibration, l.e., 
In about 10 -14 s (fig. 11(a)). If the upper state Is bound, but the molecule 
Is on the repulsive part of Its potential energy curve at a point above Its 
dissociation energy (fig. 11(b)), dissociation will occur on Its first vib- 
ration, also In about 10 -13 s. Excitation to stable excited state followed 
by a shift to an unstable excited state (fig. 11(c)) gives rise to a condition 
known as predissociation. Depending on the degree of mixing of states, this 
predissociation process Is much slower than the other two processes. The 
overall cross section and rate constant for dissociation will normally equal 
that of the primary excitation step. That Is to say, there will be near unit 
probability for the subsequent dissociation, because colllslonal or radiative 
lifetimes of the excited states cannot be shorter than about 10-7 to 10“ 8 s. 

Dissociative attachment reactions such as 

e~ + AB -♦ A" + B (9) 
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have rate constants In the range of 10 -13 to 10 -11 cm 3 molecule -1 

s-1 , and are considered less Important sources of atoms and free radicals. 

Further, many associative detachment reactions such as 

A- + B -» AB + e- (10) 

have rate constants of 1 to 5xl0 -10 cm 3 molecule -1 s -1 so that negative Ions 
are unlikely to be of Importance In rapidly pumped steady-state glow dis- 
charges. Two-body Ion-Ion recombinations have rate constants in the same 
range as reaction (7) and must be Included particularly In glow discharge 
systems of electron attaching gases. 

Because of strong Ion-dipole and Ion-Induced dipole Interactions charge 
transfer and Ion-molecule reactions are Important: 

A* + BC -» A + BC- (11) 

A 4 + BC -* AB± + C (12) 

If the reactions are exothermic they have small or no activation energy. 
Frequently, their rate constants are of the order of 10 -9 cm 3 molecule -1 
s -1 and will therefore go to completion In a small fraction of the residence 
time of the gas In the glow discharge. 

From the standpoint of surface chemistry It Is necessary to consider 
catalytic effects of which little Is known. As Venugopalan and Veprek (1983) 
pointed out the lack of understanding of adsorption of discharge products by 
reactor walls and the catalysis of reactions by these walls Is a major problem 
that Is associated with all plasma deposition systems. Ion-Impact Induced 
fragmentation of physl-sorbed molecular layers followed by chemisorption of 
the fragments and subsequent reaction may lead to deposition. The activation 
of the gas phase enhances reactions such as 

A(s) + (m/n)B n (g) -* AB m (s) (13) 

whenever the dissociative chemisorption of the species B n on the AB m - 
surface Is the rate-determining step. When high species fluxes Impinge on 
the surface the rate determining step becomes the bulk diffusion. The depo- 
sition (evaporation, etching, sputtering, etc.) process 

aA( s) + (b/n)B n (g) - A a B b (g) (14) 

can be catalyzed either via formation of reactive radicals, e.g., atoms. In 
the plasma phase or by bombardment of the surfacq with Ions or electrons pos- 
sessing sufficient energy. A number of these processes have been reviewed by 
Winters (1980). 

The review of results to be presented later will consider many of these 
•processes In Important glow discharge deposition systems. 


Problems Under Film Deposition Conditions 

From the standpoint of reactor design and physical effects of glow dis- 
charges, there are several other processes which are essentially the same 
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as plasma deposition. For example, glow discharge polymerization and etching 
uses equipment similar to that used for plasma deposition. In plasma poly- 
merization the starting gas Is a monomer, which, when decomposed by the glow 
discharge, forms species that polymerize Into an organic film. In plasma 
etching the gases used are selected for their ability to produce reactive 
species upon decomposition, which react chemically with a surface to be etched 
to form gaseous components that are easily pumped away. With fluorocarbons 
both polymerization and etching may occur, as Indeed Kay et al.. , (1980) have 
demonstrated, depending on slight perturbations In the system. The kinetic 
and mechanistic aspects of these processes have been reviewed by a number of 
authors, among them we may cite Bell (1980), Carml et al., (1981), Coburn 
(1982), Flamm and Donnelly (1981), and Vinogradov et al., (1982). 

There are as many reactor designs and experimental conditions to consider 
as there are published studies on plasma deposition. Nevertheless, for under- 
standing the complexities Involved In film formation It Is sufficient to take 
a close look at the deposition region. This Is usually the substrate area 
which Is subjected not only to plasma radiation but also to fluxes of ener- 
getic and reactive, charged and neutral particles In various excited states. 
Figure 12 shows the luminous region around a graphite substrate which Is (a) 
floated, (b) grounded, or (c) biased at -100 V In a 16 percent C 3 H 5 + Ar 
rf Induction plasma under otherwise the same experimental conditions. It Is 
obvious that the width of the luminous region, which we shall call the plasma 
layer (PL), Is the largest for the biased substrate and the smallest for the 
floated substrate. The PL wraparound the grounded and the negatively biased 
substrate (even In the direction opposing the gas flow) while on the floated 
substrate the PL Is formed only on the surface facing the direction of the gas 
flow. Further, the PL luminosity Is often very much higher than that of the 
plasma bulk (PB) suggesting that there Is a surface neutrallzatlon/recombln- 
atlon layer (NL) Interposed between the substrate bulk (SB) and the PL. These 
regions are delineated In figure 13. 

Since electrons are repelled by the potential difference V p - Vf, It 
follows that the substrate will acquire a positive space charge sheath around 
It. According to Bohm (1949), between this sheath and the PB there Is a 
quasi-neutral transition region of low electric field, the effect of which Is 
to Increase the velocity of the positive Ions to enable them to penetrate the 
sheath and bombard the substrate. Hagstrum (1961) has shown that the proba- 
bility of an Ion being neutralized upon collision with a surface Is greater 
than 99 percent for a number of Ions over a range of kinetic energies. There- 
fore, It Is reasonable to conclude that the Ion flux, j^ s , reaching the sub- 
strate surface In a deposition experiment will be neutralized and adsorbed In 
the NL. Khalt et al., (1980) describe the neutralization of positive Ions as 
short-lived hot spots (SLHS) with a lifetime of the order of 10 -14 s. 

Fluxes of excited neutrals such as metastables, j ms , and radicals, j rs , 
will also reach the surface, release their energy, and become adsorbed or 
trapped In the NL. 

> Following Hagstrum (1977) the possible mechanisms for an Ion or excited 
particle to neutralize at substrate (metal) surfaces Involve deexcitation ( 1 ) 


\ 
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by emission of radiation, (2) by an Auger process 8 followed by emission of 
secondary electrons, and (3) by a resonance process whereby an electron Is 
transferred from the conductance band of the metal to an equivalent energy 
level In the Incoming Ion or a similar transition where the electron goes from 
the Ion to the metal. Secondary electron emission from the substrate surface 
back Into the plasma bulk takes place by a potential ejection which depends on 
the Ionization potential of the Incident Ion, and/or by a kinetic ejection 
which depends on the energy of the particle projectile. The loss of energy of 
the excited particle to the lattice upon Impact Is a momentum transfer process 
which sets the atoms In motion by a process known as "collision cascade". 
Although a binary collision approximation qualitatively describes the path and 
energy loss of the Incident particle, the consequences of the collision cas- 
cade are many and varied: sputtering, backscatterlng, lattice damage, and the 

formation of chemical potential gradients (fig. 13). This last may enhance 
diffusion and segregation of atoms from the substrate bulk to the neutral- 
ization layer and thus modify the surface chemistry. Numerous studies by 
Gruen et al., (1983) have demonstrated Glbbslan-type segregation on metallic 
surfaces. 

The yield (potential + kinetic) of secondary electrons (yi, Ym* and 
Y r ) Is Inversely proportional to the mass but only slightly dependent on the 
energy of the Incoming projectile. It, however, varies depending on the 
condition of the surface, and Is generally lower for nonmetals (higher work 
function) than for metals. For 600 eV Ar + Ions Chapman (1980) gives 

YI = a. 10- 2 (15) 

with a < 10 for nonmetals and a > 10 for metals. According to Kaminski 
(1965) Ym~Ti for metals, again with Ar as the Incoming projectile. 

The secondary electrons travelling the sheath along z (normal to the 
substrate surface) gain energy from the high electric field E s and have an 
energy distribution function F es (c es ) that Is anisotropic along z with 
a maximum around 100 eV. Figure 14 shows the values calculated by Khalt et 
al., (1980) for the field and particle energies In the sheath as a function of 
gas pressure In a system with a grounded graphite substrate. This high energy 
electron beam (HEEB), with average energy r es and flux j es collides 
with the particles populating the plasma bulk and loses Its energy along z. 

The Inelastic collisions with atoms and molecules will result In excitation 
and Ionization and a decrease In HEEB energy to the average value for PB 
electrons, ep[}. Thus a boundary condition can be set along z between PL 
and PB: 


8 The Auger effect Is the emission of a second electron after high 
energy radiation or particle has expelled another. Its mechanism Is that the 
first electron leaves a hole In a low-lying orbital which a higher energy 
'electron drops Into. The energy this releases may result either In the gener- 
ation of radiation (which gives X-ray fluorescence) or In the ejection of 
another electron, the "secondary" electron of the Auger process. 
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(16) 


c es(z=AL) 


z 

/ 


c es F es (c es ,c 1s ,z,P,W)<lc es 


‘e (PB) 


where 

AL thickness of PL 
P gas pressure 
W net power input. 

In what follows we shall consider the evidence from work of Khalt et al., 
(1980, 1983) to show that the contribution of HEEB electrons to excitation and 
Ionization In PL Is significantly greater than that of PB electrons In PL. 

For the Ionization process, by analogy with known phenomena produced by the PB 
electrons, we write: 

dn^/dt = sj es q es [l + (a^n 2 k^AL/j es q es ) ] (17) 


where 

s cross section of PL 

q es efficiency of Ionization by HEEB electrons 
a^ degree of Ionization (n e = n^ = a^n) In PB 
k^ rate coefficient of Ionization In PB 

n plasma density. 

Figure 15 Is a plot of the ratio (dni/dt)pt/(dni/dt)pB as a function 
of gas pressure. It Is obvious that the contribution by secondary electrons 
to the Ionization In PB Is very much greater than the earlier estimates (10 
percent) made by Chapman (1980) and Winters (1980). 

The fraction A of the electron distribution function of HEEB performing 
particle excitation to a higher quantum level with a cross section o*(F es ) 

Is given by 

a (HEEB,z = AL) 3 C 2yH( PB)°* c e( PB)/^e°*^esl^(PB) ( 18 ) 


fraction of PB electrons causing excitation In PL 
secondary electron coefficient 
average velocities of HEEB and PB electrons, 
respectively. In PL. 

Figure 16 shows the spectral line/band Intensities ratio between PL and PB, 
,1.e., I P |_/ 1 pb as a function of gas pressure. These measurements were 
made In a microwave cavity excited plasma using graphite and silicon sub- 
strates, grounded or biased with -100 V, In flowing pure Ar or mixtures of Ar 
with 5 vol % of N 2 or H 2 . The Increase In the ratio of Ar, N 2 , CN and 
Integral Intensity (as well as for CH, and C 2 not shown) with Increasing gas 
pressure suggests that decreasing the mean free path rather than AL causes 
more collisions and results In a higher population of the excited states for 


where 

B 

Y « 1 

iT e and upB 
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the various species. The correlation between the ratio of S1H and H a , and 
of CN and ^ , on the other hand. Indicates the Interaction of excited 
positive Ions and radicals with substrate surface and/or the sputtered away 
particles SI and C, respectively. 

By neglecting elastic collisions, Khalt et al. t (1983) approximated the 
Inelastic collisions causing excitation and Ionization to the total number a 
of collisions with gas particles. In each a collision the HEEB electrons 
undergo scattering and their motion can be described by a Brownian motion with 
a drift velocity v a which decreases rapidly along z towards PB. 
Accordingly, the thickness AL of PL Is estimated as: 

4L = J /2 <X H£EB > 

= [“ln «( J e S (0 )/5 'n ( ^ S ( Z ) )> ] 1/2kT/P<a> «L < 19 


where 

a total collision cross section 

o 1n average value of the cross section for Inelastic collisions 
ai n number of Inelastic collisions, and 


^■HEEB = l/n<j = kT/Po (20) 

Is the mean free path of HEEB electron In PL at plasma gas temperature T and 
total pressure P. The same authors (1980) considered the electron trajectory 
b due to elastic and Inelastic collisions of the HEEB's electrons In PL and 


evaluated 



AL = b/n a 

(21) 

having 

defined 


where 

b = ([(c e s “ ees(z=AL)) /5F 1n] <d/o 1on + 0 ex > ) 1/2 

(22) 

4T 1n = 

<5e 1on + <Se ex > AL * he ener 9y lost by the average HEEB 

electrons In Inelastic collisions for Ionization (Ion) and 
excitation (ex) In PL, while a 1on and <? ex are the Inelastic 



collision cross sections resulting In Ionization and excitation, respectively. 
By combining equations (19), (21), and (22) we finally get the following 
relationship for the thickness of PL: 

AL = ( [(e e s ~ ^es( z=AL) )^^ G 1nl <<, ^ <5 1on * tf ex > )^^^^^^ ><<,> AL (23) 

Note that the thickness of PL Is dependent on P, T, the nature of the gas 
particles and the power Input Into the plasma. Figure 17 shows that values 
of AL measured by optical emission of the excited gas and sputtered 
particles In PL are In reasonable agreement with the calculated values. 
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Besides secondary electrons there are other particles released from NL 
Into PL, such as reflected particles, Jrefl* sputtered atoms, j S putt* and 
chemically etched molecules, J e tch (^9* 13). As previously noted, the 
sputtering and etching phenomena Influence film deposition. Sputtering 
experiments can provide Information on the thickness of NL. In reviewing the 
work of a number of authors Winters (1980) concluded that the thickness of NL 
Is about 30 A. Naturally, this will depend on the mass, energy and angle of 
Impact of the Incident Ion as well as on the surface conditions, like crystal 
lattice and surface coverage, and type of substrate (polycrystalllne, amor- 
phous, metallic or semiconductor, etc.). If we sum all Ions arriving from PB 
and formed In PL by Interaction with HEEB electrons we get for the Incident 
flux of Ions 


Jls ■ lS a 1 nu 1 <24) 

Their maximum energy, c^ s , depends on V p - V s or V p - V$, where 
V s and Vs are the sheath and substrate potentials, respectively, and Is 
a function of 

=1s « n(kTe/m 1 ) 1/2 ;P,W,E s ,Fes(c es ), V s , V s ] (25) 

In glow discharges, PL usually tends to follow the contour of the surface and 
therefore most Ions approach the surface at normal Incidence. 

The sputtering yield, which Is defined as the number of substrate (target) 
atoms ejected per Incident lorr, has been determined for numerous metals and a 
variety of Ions with different energies. The Interested reader Is referred to 
tabulations by Laegrled and Wehner (1961), Kaminski (1965), Vossen and Cuomo 
(1978), Chapman (1980), Roth (1982), and Thornton (1982). We have collated 
few data In table I for those elements that may be encountered In one glow 
discharge deposition system or another. These data suggest that sputtered 
particles with a flux 0.1 to 3 times that of Incident Ions (n^ = 10^ 
cm -3 ) will enter PL where they will undergo excitation and/or Ionization by 
Interacting with PB and HEEB electrons. Therefore, some of the sputtered 
particles will return to the surface as Ions and enhance Its chemistry, for 
example, as In lon-nltrldlng, borldlzlng and carburizing processes. 

Some of the sputtered particles will contribute to cluster formation In 
PL (fig. 13). Table II gives data for the degree of Ionization and the nor- 
malized amount of polymerized species In both PB and PL (around a grounded 
graphite substrate). In comparison with PB there Is a higher concentration of 
positive Ions (n^) and excited polymerized (n po -|y) molecules In PL because 
of the Interaction of sputtered particles with HEEB electrons. Along z 
axis, towards the substrate surface, where a large number of collisions with 
HEEB electrons take place, n^ and n po -|y Increase to such magnitudes, 
that the supersaturation condition described by Lothe and Pound (1969) for the 
formation of clusters Is established. Phenomenologically, we may consider two 
•processes along the z axis from PL towards the substrate surface: 

(1) The Ionization rate due to HEEB electrons Interaction Is higher near 
the sheath than at the boundary between PL and PB. Near the sheath the HEEB 
electrons reach their maximum energy (fig. 17). The Ions thus formed with a 
long range dipole moment attract and attach polymerized molecules such that 
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polymer clusters are formed. Evidence for "prenucleatlon" near the surface 
has been found In experiments using focused uv lasers by Ehrlich et al., 
(1981), Brueck and Ehrlich (1982), and Ehrlich and Tsao (1983). 

(2) Polymerized species In the PL are In a three-coordinate system, but 
they lose one coordinate upon reaching the surface and must remain on the 
solid In a two-coordinate system. As de Boer (1969) pointed out this In- 
creases their concentration as well as the probability for clustering and 
nucleatlon. 

Thus we see that many of the particles coming towards the surface react 
with the substrate, perhaps by chemical bonding, and form diffusion-controlled 
layers or deposits of films In NL. Ion-enhanced dry chemical etching takes 
place In the opposite direction, particularly In systems containing hydrogen 
and halogens. The etching process returns species deposited on the surface 
back to PL at rates which depend upon etch parameters described by Flamm and 
Donnelly (1983) and Coburn (1982). Both processes proceed simultaneously; 
depending on their rates deposition or etching will result. Apparently, under 
film formation conditions deposition prevails because of a higher rate of 
deposition than etching. The fluxes of Ions, metastables and radicals are 
continuous, as are the sputtering and etching losses during deposition. 
Consequently, we may expect the material balance In the film to change with 
deposition time. 

In summary, the "dialogue" between the plasma of a glow discharge and the 
substrate Immersed In It Involves the following processes (fig. 13): 

A. Impact of positive Ions, excited radicals and metastable states with 
the grounded or negatively biased substrate surface. 

B. Neutralization, momentum transfer, trapping, adsorption, and In- 
corporation of the above species In the surface resulting with the formation 
of NL In which, due to a gradient of chemical potential and cascade mixing, 
diffusion and segregation of particles from NL to SB and vice-versa occurs. 

C. Emission of secondary electrons (HEEB), sputtered particles and 
chemically etched species from NL back to the plasma forming the PL. 

D. The HEEB electrons enhance excitation and Ionization processes In 
PL. As a result cluster formation and nucleatlon takes place leading to film 
deposition. 


DIAGNOSTICS: THEORY AND EXPERIMENT 

The history of homogeneous reactions In the PB Is transmitted along to 
the heterogeneous plasma - surface Interactions controlling the film depo- 
sition processes. This continuity approach Is schematically shown In figure 
<18. The monomer - carrier gases or vapors fed to the plasmas are partly 
excited, k ex , and Ionized, k^, by energetic electrons; Interaction with 
fresh monomer molecules results In Its dissociation, kp, and fragmentation, 
kp, reaction rates. The homogeneous reactions with fresh monomer molecules 
continues with the formation of new polymeric species with kp 0 -|y reaction 
rates. Transported by convection, diffusion, electric fields and the flow 
velocity In the plasma system these new particles reach the substrate surface 
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region. The kinetic mechanisms and the rate determining step of monomer 
dissociation and formation of polymeric species are the link between the PB 
homogeneous reactions and the plasma - surface heterogeneous reactions. 

Methods for determining the temperature, density and composition of 
plasmas are the subject of an Important part of experimental plasma physics 
which has come to be called "diagnostics." Many physical phenomena occurring 
In plasmas can be utilized to provide diagnostics. For example, the Intensity 
and spectral composition of radiation emitted by a plasma depends on the elec- 
tron energy, Its distribution function and on the plasma density. With proper 
care, the electron density. Its temperature and energy distribution In a plasma 
can be determined simultaneously by an electrostatic (Langmuir) probe. Methods 
such as mass spectrometry and electron paramagnetic resonance can provide In- 
formation on atomic and molecular, Ionic and free radical species In the 
plasma. The Interpretation of these measurements Involves theories with 
limiting assumptions. The literature Is abundant with general as well as 
specialized treatises on plasma diagnostics, for example, by Huddlestone and 
Leonard (1965), Lochte-Holtgreven (1968), Podgornyl (1971), Venugopalan 
(1971), and Eubank and Slndonl (1975). 

The confident characterization of a given plasma generally requires that 
several measurement methods give a consistent picture. Unfortunately, we find, 
particularly In the early publications, only rarely the application of even 
one diagnostic tool In film deposition studies. Many recent works, however, 
use a combination of methods such as probes and mass spectrometry, and occa- 
sionally Includes emission spectroscopy. Even then It Is difficult to assess 
whether proper care has been exercised In the measurement and Interpretation. 
One must know the fluxes and energies of Ions and electrons Incident usually 
on the substrate surface. Because the energy of positive Ions Incident on 
surfaces Is determined by V p - V s , It Is necessary to know these poten- 
tials as well. Even If spatially resolved measurements are made from as close 
a position as the substrate surface to the other end of the glow the fluxes 
thus obtained will Include for a given species not only those responsible for 
film deposition but also those that are etched and sputtered In deposition 
processes. In those cases where deposition has been reported outside the glow 
region It Is also necessary to perform diagnostics of the afterglow and some- 
times even the foreglow regions. While such cases have resulted In good 
quality films occasionally, clearly due to the absence of positive Ion bom- 
bardment, these are more often the result of poor apparatus geometry or con- 
figuration and parameter control. The following discussion of theory and 
experiment Is directed at some of these problems as well. 


Spectroscopic Methods 

Spectroscopic plasma diagnostics can give Information about the concen- 
tration of various species and their temperatures without disturbing the 
plasma. The simplest technique Is the direct analysis of the plasma emission 
•using a spectrograph with adequate resolution. Line radiation In the visible 
and 1r spectra Is useful for Identifying excited species. Relative line 
Intensities give the temporal and spatial variations of species In the PB and 
PL. Under some conditions It Is possible to relate absolute line Intensity 
measurements to the density of energetic electrons. Absorption measurements 
using suitable radiation source can be used to determine the populations of 
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nonradiating metastable levels or first-excited states that radiate In the 
vacuum uv. Both emission and absorption spectroscopies are nonlntruslve In. 
situ techniques for Investigating and monitoring the complex processes occur- 
ring In the glow discharge PB and PL. In the following sections we shall 
briefly survey the theory and experiment Involved In these methods of diag- 
nostics. We shall also review the more recent methods of laser-induced 
fluorescence spectroscopy and anti-Stokes Raman scattering spectroscopy. 

Emission spectroscopy . - The radiation emitted from a glow discharge may 
exhibit a variety of spectra as Indicated In table III, which Is taken from 
Cabannes and Chapelle (1971). Its analysis by spectroscopic measurements of 
continuum Intensities, line Intensities, line profile, etc. Is the basis of 
the diagnostic technique of emission spectroscopy. Although a wide range of 
frequencies Is emitted It Is the optical region that has been extensively 
studied. The optical radiation Is due to radiation arising from the capture 
of free electrons Into various excited states of the atoms and Ions and from 
the acceleration of electrons (bremsstrahlung) during collisions with Ions or 
atoms. Its Interpretation Is based on the assumption of an electron distri- 
bution determined exclusively by particle collision processes. 

The glow discharges used In film deposition operate at gas pressures In 
the range of 10~ 2 to 10 torr, meaning that local thermal equilibrium (LTE) 
conditions do not prevail In the plasma. The temperature values of the elec- 
trons (T e ) are much higher than Its values for excitation (T ex ), Ioni- 
zation (T^) or translation (T gas ) . Under such conditions the absolute or 
relative spectral line Intensities for the evaluation of T ex and T^ 
should be treated with great care. The same care has to be applied In measur- 
ing the spectral line profile for Stark, Doppler, or pressure broadenlngs 
(n e , T e , and T gas values, respectively). At low pressures, where 
plasma dens1ty y n e > 10 12 cm -3 , the normal procedures of Stark broaden- 
lngs for H or He line spectra which are valid for n e > 10' 5 cm -3 can- 
not be used (see Grlem (1964) and Lochte-Holtgreven (1968)). Instead spectral 
lines with high quantum number may be used, for example, H n > 10 In the 
hydrogen Balmer series as Indicated by Bergsted et al. (1962). 

The experimental techniques have been described by a number of authors. 
Grlem (1964), Turner (1965), Klmmltt et al. (1965), Lochte-Holtgreven and 
Richter (1968) are excellent sources of Information. Greene and Sequeda- 
Osorlo (1973) and Greene (1978) describe experimental set-ups suitable for 
glow-discharge sputter deposition systems; Harshbarger et al. (1977, 1978) 
describe geometries convenient for plasma etching; and Matsuda et al. (1980), 
Kampas and Griffith (1981), Tanlguchl et al . (1980), Inspektor et al. (1981), 
Perrin and Delafosse (1980), Knights et al. (1982) and many others describe 
apparatus for glow discharge decomposition systems which deposit films. 
Apparatus for a typical glow discharge optical spectroscopy (GD0S) work Is 
shown In figure 19. A series of slits placed along the optical axis between 
the discharge reactor and the spectrometer are used to focus the spectrometer 
on a narrow region of the glow along the reactor axis. The optical windows 
'should be placed as far from the discharge as possible to minimize loss of 
transmission by film deposition. With adequate design It Is quite possible to 
obtain Intensity versus position profiles In the reactor. In the bell-jar 
systems described originally by Bradley and Hammes (1963) and modified by 
several others, for example, Williams and Hayes (1967), optics extending 
through the base plate may be used to achieve the same results. Either dc or 
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ac optical detection schemes may be employed. In case where maximum sensi- 
tivity Is desired, pulse counting techniques are preferable to minimize random 
electronic noise from the photomultiplier tube. 

The emission Intensity at any position x In the discharge for a given 
transition Is governed by the excitation efficiency or probability which 
depends on n e and f(E), and Is generally unknown for the complex species 
encountered In many deposition systems. Therefore, for quantitative diag- 
nostic Information It Is necessary to calibrate the signal Intensity with 
standard samples under known and comparable discharge conditions. While this 
can be done for the stable molecular species without much difficulty. It Is 
Impossible with reactive Intermediates such as free radicals. Consequently, 

In most Instances the optical emission from deposition plasmas Is monitored 
for the presence or absence of lines to signify the spatial distribution of 
species of Interest for several plasma parameters. For this last the follow- 
ing approach described by d'Agostlno et al. (1981) Is typical. 

If the direct electron Impact from the ground to the emitting state Is by 
far the most Important excitation process we can write 

k ' * 

e + X-lx + e (26) 

* k R 

X — i X + hv (27) 

* k n 

X + M -H-X + M (28) 


where 

X* emitting state 

X any lower state Including the ground state. 

The k's represent the appropriate rate constants for the direct electron 
Impact excitation process (k e ), the radiative process (k R = 1/t, where 
t Is the natural lifetime), and for colllslonal deactivation ( kg) . At 
steady state, the Intensity of optical emission Is given by 

I x * « k e n e [X]/( 1 + [M]kq/k R ) = Cn x [X] (29) 

The equality Is obtained by assuming [H]kg/k R , which Is generally less 
than unity, to be a constant at constant pressure. The excitation efficiency 
n x = k e n e Is clearly a function of the density and energy distribution 
function of the electrons, which are all related to the discharge parameters. 

Inert gas "discharge" actlnometry . - The possibility of using an actl- 
nometrlc technique for plasma diagnostics was suggested by Kaufman (1976). 

< Since then Increasing attention has been paid to a technique that has come to 
be known as Inert gas (discharge) actlnometry. 

Coburn and Chen (1980) added a small amount of Ar to a reactive plasma 
and monitored the Ar emissions concurrently with those of the reactive 
particle (X): 

I Ar = k Ar n Ar T 'Ar (30) 

( 31 ) 


Ix = k x n x’ix 
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where ka r and k x are proportionality constants. Since nAr Is 
known, the excitation efficiency, n/vr. of any of Its levels Is determined 
simply by lAr/ n Ar* ^ the excited state responsible for the Ar (~ 13.5 
eV) optical emission matches closely In energy with the level responsible for 
an emission line from a reactive species (F ~ 14.5 eV), then the same group of 
electrons will be responsible for the excitation of both levels. The exci- 
tation efficiencies of these levels of Ar and the reactive particle will then 
have similar dependence on glow discharge parameters and we may assume n x = 
knAr as discharge parameters are varied. Thus, the relative changes In the 
reactive particle density can be determined by combining Its emission Intensi- 
ty with the excitation efficiency of Ar: 


n x^ n A r = KIx/^Ar (32) 

where K Is a constant Independent of the discharge parameters. Coburn and 
Chen tested the technique Indirectly In a CF 4 + O 2 system by establish- 
ing a correlation between F atom emission Intensities, normalized to Ar 
emission Intensities, and F atom concentrations measured downstream of the 
discharge by chemical titration. 

Similar work was subsequently reported by d'Agostlno et al. (1981 a,b, 
1983) who used both Ar and N 2 as Inert gas actlnometers In CF 4 + O 2 
and SFg + O 2 glow discharges, by Tiller et al. (1981) who used Ar In 
CCI 4 discharges, and Ibbotson et al. (1983) who used Ar In Br 2 discharges. 
Ibbotson et al. (1983) In a direct test found that normalized Br atoms emis- 
sion, from a Br 2 plasma with an Ar actlnometer, correlates with Br atom con- 
centration determined by In situ Br 2 optical absorption. However, recently 
Donnelly and Flamm (1983) have obtained time-resolved emission spectra which 
suggest that Cl emission, normalized to Ar, from a Cl 2 discharge may not be 
a reliable measure of the Instantaneous Cl atom density. Further work which 
will establish directly and unambiguously the regions of validity Is called 
for before actlnometry Is widely employed for diagnostic purposes. 

Emission spectroscopy was used to measure the relative Intensity ratio of 
same spectral line and band In the PL and In the PB (Ipi/Ipt}) as shown In 
figure 16. The Ipi/Ips ratio allows the correlation between the projec- 
tile particles to and the sputtered particles from the surface as function of 
rf power Input as shown In figure 20 for H a and S1H on a single SI crystal 
and for N 2 + and CN on a graphite substrate. The relative spectral Inten- 
sity was used for scanning the emission spatial distribution In the PL. 

Selwyn and Kay (1983) reported the use of optical fibers for spatially resolv- 
ing the emission of fluorocarbons In rf plasmas. 

Absorption spectroscopy . - The major drawback of emission spectroscopy Is 
that Information Is obtained only about species which are already excited. 

This may often represent only a very small proportion of the total number of 
the species In question. Absorption spectroscopy would be advantageous here, 
but higher resolution Is then required because with low resolution sharp lines 
•are readily lost In the background. Another difficulty Is the possible 
absence of active species (transients) In concentrations sufficient to give 
rise to detectable absorption In easily accessible regions of the optical 
spectrum. Nevertheless, with high resolution the relative populations In the 
different rotational and vibrational levels can be deduced. It should be 
noted that the Intensities of Interest may often be modified by absorption due 
to other parts of the species, or by overtones and combination bands. 
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In a typical experimental set-up a lamp or laser beam which emits the 
appropriate frequency Is used as the radiation source (fig. 18). In sputter- 
deposition systems a hollow-cathode lamp containing the element of Interest Is 
desirable. The light beam Is modulated and the absorbance of the discharge Is 
determined using a phase sensitive lock-in detector tuned In synchronous to 
the chopper frequency. Tuned ac detection, of course, subtracts the discharge 
emission. Depending on the set-up It may be necessary to apply corrections 
for self-absorption In the lamp and the possibility that the spectral band- 
width of the spectrometer Is larger than both the emission line width from the 
lamp and the absorption line width. 

The absorption of radiation In a plasma can be described by the Lambert- 
Beers law 


I v (l) = I v (°) e *P (-k v *) 


(33) 


where 


I v (0) and I v ( 8.) are the specific Intensities of the radiation 

entering and leaving the plasma 8. Is the length of the absorbing path, and 

the absorption coefficient Is given by 


K 

V 



(34) 


In equation (34) the summation Is over all absorbing species and states, n^ 
are the number densities and the absorption cross sections. If the 

Incident radiation has a frequency v = (E m - E n )/h, then line absorption 
according to equation 


X + h °-^X m (35) 

n v m 

will be the dominant process If a strong transition n -» m Is chosen. Note 
that photoionization from the ground state Is excluded In this case. For 
resonance lines and the strongest nonresonance transition a, photoionization 
from some excited states Is negligible and a measurement of k(v) will 
yield the population n n of the lower state. A discussion of detailed 
theory and experiment Is given by Cabannes and Chapelle (1971). Examples of 
the diagnostic application of absorption spectroscopy to glow discharges are 
to be found In the papers by Greene (1978), Klinger and Greene (1981), Knights 
et al. (1982) and many others. 

Use of absorption spectroscopy In visible and 1r regions Is frequently 
hindered by the plasma emission. Therefore, species effusing from the plasma, 
through a small orifice, have been trapped and Isolated In a solid matrix of 
an Inert gas at cryogenic temperatures (4 to 20 K) and subsequently Identified 
by absorption spectroscopy. This Is the technique of matrix Isolation spec - 
1 troscoov described In the classical books of Bass and Brolda (1960) and 
Mlnkoff (1960). Its application for elucidating the sputtering process has 
been described by Gruen et al. (1974). In the apparatus used by Veprek et al. 
(1975) for glow discharge deposition the molecular beam effuses from the 
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discharge tube through a small orifice and Is trapped on a liquid helium cool- 
ed, optically polished copper block simultaneously with a suitably chosen 
matrix gas such as Ar, Kr, Xe, N 2 , etc. After the desired matrix has been 
deposited, the copper block, together with the reservoir for the liquified 
gases. Is rotated through 180° and the absorption spectrum of the matrix Is 
scanned through a KBr window. A large number of papers demonstrate the 
applicability of this technique for detecting and measuring the concentrations 
of free radicals, atoms, as well as Ions which are present In glow discharges 
without the problems resulting from plasma radiation and electron Impact frag- 
mentation, as In mass spectrometry. 

Fluorescence spectroscopy . - A particle excited by the absorption of 
radiation may undergo radiative transitions In which light of the same or a 
different frequency Is emitted. When such transitions occur between states of 
the same multiplicity the particle Is said to emit fluorescence radiation, the 
Intensity of which Is proportional to the particle density. In principle the 
density of molecules, atoms and Ions In the ground state as well as In a 
metastable or unstable excited state can be determined. Since fluorescence 
rise-times are considerably shorter than a microsecond, It Is necessary to use 
laser pulse widths of the order of nanoseconds. Therefore, the technique has 
come to be known as laser-induced fluorescence (LIF). The Importance of this 
technique as a plasma diagnostic tool was recently emphasized by Hiller (1981) 
In a review article. 

With a continuous wave (CW) laser It Is possible to continuously excite 
and detect fluorescence, but at a level much lower than the pulsed laser and 
often below the noise level resulting from the background emission. A tunable 
pulsed dye laser has a wider wavelength coverage (2500 to 8500 A), and the 
number of photons available during a pulse Is considerably greater than that 
available from a CW laser. By saturating a given transition with the pulsed 
laser, all the excited molecules can be made to emit In a time period compara- 
ble to the excited state lifetime. This laser-induced signal may be consider- 
ably greater, over that given time period, than even relatively bright 
continuous background emission from the plasma. The high sensitivity of this 
technique was demonstrated by Bondybey and Miller (1977). The technique also 
provides excellent spatial and temporal resolution. 

Figure 21 Is a schematic diagram of the set-up suggested by Miller and 
Bondybey (1980) for an LIF-experlment. The plasma reactor Is equipped with 
long arms containing light baffles and Brewster-angle windows to minimize 
laser light scattering. The laser beam passes through the plasma along this 
axis and fluorescence Is detected In a plane perpendicular to this axis by a 
photomultiplier. Often a diagnostic arrangement Is configured with a pulsed 
dye laser and a gated detection system, as shown In figure 21, to reject most 
of the continuous background emission from the reactor. An excitation spec- 
trum Is recorded by sweeping the laser frequency and monitoring the total 
fluorescence. In some experiments monochromator-based optical detection 
systems have been used to monitor the continuous emission from the reactor 
and/or to resolve the LIF wavelength resulting from a feature of the exci- 
tation spectrum obtained by tuning the laser. 

Initially LIF was used mainly In the field of plasma wall Interaction In 
magnetic confinement experiments and laser fusion research. A number of 
authors, among them Stern (1977), Burakov et al. (1977, 1978), Bogen and Hlntz 
(1978), and Elbern et al. (1977, 1978), demonstrated that besides neutral H 
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and D atoms, several metals can be detected with high sensitivity. Elbern 
(1978) has reported measurements on the relaxation and diffusion of Fe-atoms 
In an argon glow discharge. Subsequently, Pel 1 1 n et al. (1981) and Wright et 
al. (1981, 1982) used both CW and pulsed laser to measure the velocity distri- 
bution of sputtered Zr-atoms 

A number of species of the type encountered In plasma chemistry have also 
been observed by Cook et al. (1978), Katayama et al. (1980), Miller and 
Bondybey (1977), Bondybey and Miller (1978, 1979), Miller et al . (1979 a,b) 
and Sears et al. (1980). These Include metastable states such as N 2 (A 3 E U +) 
and C0(a 3 ir), whose presence would be very difficult to Infer from emission 
spectroscopy or mass spectrometry. Molecular Ions (N 2 + , 02 + , CO + , C 02 + ) Including 
moderately large organic cations such as CgF^, CfcH 3 F 3 + , and their analogues 
have also been detected, but. In general, the determination of absolute 
concentrations has been difficult. Free radicals such as CH, CH 2 , CN and OH 
were observed In combustion experiments rather than glow discharge tubes. A 
review of this work Is given by Eckbreth et al. (1977, 1979). With regard to 
glow discharge deposition the LIF technique has yet to be applied. Of related 
interest Is the work of Brueck and Pang (1983) who made spatially resolved 
measurements of CF 2 concentrations and vibrational and rotational temper- 
atures In CF 4 , CF 4 /O 2 and CF 4 /H 2 glow discharges of the type used for etching 
of SI and SIO 2 . 

Recently, Walkup et al. (1983) have combined LIF with laser optogalvanlc 
(LOG) spectroscopy to study a glow discharge In N 2 . The LOG signals were 
measured by monitoring the voltage across the discharge through a dc blocking 
capacitor and processing this 'voltage with a boxcar average. The spatial 
distribution of N 2 + (which Is closely related to the distribution of elec- 
tric fields) was obtained by LIF and LOG methods. The measurements which 
Included kinetic (translational) and Internal (rotational and vibrational) 
energy distributions of N 2 + suggested the Importance of charge exchange 
collisions, particularly In the cathode sheath region. However, the kinetic 
energy of 2.2±0.7 eV for N 2 + In a 1 torr N 2 discharge measured by Doppler 
broadening Is really too low. Nevertheless, with further developments LOG 
spectroscopy will provide a uniquely sensitive probe of positive Ions In the 
substrate region of glow discharge deposition systems. 

Coherent Anti-Stokes Raman Spectroscopy (CARS) . - Several systems have 
been observed to scatter radiations. The Inelastic scattered radiations occur 
at lower (Stokes lines) or higher (anti-Stokes lines) frequencies than the 
frequency of the Incident radiation, corresponding to the rotational or vib- 
rational transition frequencies or both of the sample. This property Is the 
basis of a technique which was Initially demonstrated by Rado (1967) and has 
come to be known as coherent anti-Stokes Raman s_pectroscopy (CARS). With re- 
spect to glow discharges, and plasmas In general, CARS Is better suited than 
fluorescence because of Its excellent background light rejection capability. 
Besides the shorter wavelength-side spectral position of the signal the other 
advantages are the high signal power, signal coherency, and good spatial 
'resolution. For a review, see article by Nlbler (1982). 

A schematic diagram of a CARS set-up used by Hata et al. (1983) Is shown 
In figure 22. Typically, two laser beams of frequencies u-j and V 2 
( v-| > « 2 ) are collnearly guided Into a glow discharge to produce 2v\ - t >2 
signal beam through nonlinear (third-order) susceptibility x^ 3 ) of the 
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sample. The absolute value of Ix^l Is a function of u-| and v 2 , 
and resonantly Increases as (v-j - «2) approaches the Raman active 
transition frequency vr of the species under Investigation In the dis- 
charge. Therefore, the CARS power signal, which Is proportional to 
|x( 3 )|s can be treated as a function of «2 when U 1 fixed, and 
will exhibit some structure near the frequency " ’’l ■ W R- Alternatively, 
i >1 may be mixed with a broad t>2 source and a broad range of the CARS 
spectrum may be detected simultaneously by using an optical multichannel 
detector attached to a monochromator exit. 

Figure 23 shows the CARS power signal as a function of (v-| - v 2 > for 
a 5 mA dc glow discharge In silane for (a) discharge off and (b) discharge on 
conditions. Here CO Is the reference signal at 2143 cm -1 . The peak 
Intensity of CARS signal Is a measure of the number density of the species 
being Investigated. Therefore, 

N 2 = wg[I(S1H 4 )/I(CO) ]/[I o (S1H 4 )/Io(C0) ] (36) 

where N and I represent the number density and peak Intensity of the CARS 
line, respectively, the suffix o denotes the discharge-off condition, l.e., 
the plasma free gas flow. Since N 0 Is known from pressure measurements, N 
Is readily evaluated. 

Originally, CARS was applied by Nlbler et al. (1976) for the measurement 
of rotational and vibrational temperatures of a gas such as D 2 In a glow 
discharge. On the assumption of a Boltzmann equilibrium among only the lowest 
vibrational levels, Shaub et al . (1977) made direct measurements of non- 
equilibrium vibrational levels populations of electrically excited N 2 and 
found them to be much hotter than discharged N 2 . Since then some publi- 
cations have appeared, among them we may cite Pealat et al. (1984) who showed 
that the population of vibrational states v = 0 , 1 , and 2 In a low pressure 
H 2 discharge has a non-Boltzmann distribution and Hata et al. (1983) who 
measured the rotational temperatures and densities of species such as H2 and 
SIH 4 In a silane glow discharge. The latter work Is of particular Interest 
since It demonstrated the existence of SIH 2 radical (2030 cm -1 ) In Its 
ground electronic state In concentrations of ~ 10 ^ cm -3 . 


Probe Analysis 

The electric probe method has found wide application In the classical 
physics of gas discharges. With proper care, the local plasma density n, 
electron temperature kT e , and plasma potential V p can be determined 
simultaneously by Inserting a metallic electrode, usually a wire. Into the 
plasma (fig. 24). The method has come to be known as the electrostatic 
(Langmuir) probe, first used by Langmuir and Mott-Smlth (1924), and Is based 
on the polarization of a plasma and the fact that plasmas do not obey Ohm's 
law. The current to the probe Is measured as a function of the probe 
'potential to obtain the volt-ampere characteristics, commonly known as the 
probe characteristic (fig. 24). 

Whereas the experimental procedure Is simple, the theory has a tendency 
to become extremely complicated. Articles by Chen (1965), Schott (1968, 1971) 
and Cherrlngton (1982) and monographs by Swift and Schwar (1969) and Chung 
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et al (1975) are excellent sources of detailed Information for the Interested 
reader. The only probe regime that can be reasonably understood Is the region 
(p < 0.1 torr) where the mean free path X Is very much greater than the 
probe size which In turn Is very much greater than the Debye length, \q, the 
distance In a plasma over which significant deviations from charge neutrality, 
and therefore significant electrostatic fields, can exist. 


It Is easy to recognize three regions In figure 24. Let us first 
consider region I, the Ion saturation region. For the condition T e » 
obtained In glow discharges the Ions must enter the sheath with an energy 
kT P . Since the Ions are accelerated through a "pre-sheath" region to this 
energy value, the collected Ion-saturation current 1^ becomes, as given by 
Chen (1965), approximately 

1^ = 0.61 A p ne(kT e /m^ ) 1/2 (37) 

where A n Is the collection area of the probe. Thus If T e Is known we 
can evaluate the plasma density, n. Since Ions are less affected than elec- 
trons by magnetic fields plasmas In such fields can be analyzed In this way. 
Only when the sheath Is thin compared to the probe radius, r p » \ D , the 
current Is determined by the space charge-diode relationship, as discussed by 
Chen (1965), and the electron saturation current (region III) can be used to 
give a value for n(kT e )l/ 2 . 

The shape of the retarding field region (II) obviously Is related to the 
distribution of electron energies, f(E), and hence gives kT e when the dis- 
tribution Is Mawelllan: 


I e = -(l/4)A p ne(8kT e Arm e ) 1/2 exp (-eV^/kTe) 


(38) 


where = 


V n - V Is the retarding potential. For V p > Vf (fig. 

LJ _ _ /• S i -r ti 


24), 

the Ion current Is small and a plot of lnl e as a function of .V* will give 
T e . For the non-Maxwelllan condition of glow discharges the distribution Is 
still Isotropic; the electron current Is 


l e ( V = V e(2 * e/m e 



(1 - eV /E)dE 
4 > 


(39) 


where E = l/2mv£ Is the electron energy. Here f(E) Is normalized so 
that a Maxwellian distribution would be f(E> = (m e /2irkT e ) J/<f exp (-E/kT e ). 

In this case, f(E) can be obtained directly from the second derivative of the 
probe characteristic: 


f(E) 


[m e 2 /A p ne2.e 3 ] 


E=eV 


4 > 


( 40 ) 


This Is the widely used probe technique for determining the electron energy 
distribution function. 


The plasma potential, V p , can be determined by locating the junction 
between regions II and III (fig. 24) or by measuring the floating potential 
Vf, at which the current nulls out, and calculating V p . However, as 
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pointed out by Koenig and Malssel (1970) and Coburn and Kay (1972), Vf can- 
not be used to calculate Vp In rf discharges used for film deposition. 

Vossen (1979) has shown that In these systems the measured potentials depend 
upon the relative area of the excitation electrode and of other grounded sur- 
faces In contact with the discharge. Kay et al. (1980) have discussed these 
problems In some detail. 

Double probes (fig. 25) are generally used for rf and microwave dis- 
charges where a reference electrode Is usually not available (see Inspektor et 
al. (1981)). Since both probes are Insulated from the ground the probes float 
with the plasma and are unaffected by changes In V p . As shown In figure 25 
both probes will be at a negative potential with respect to the plasma since 
no net current can flow to the system. The circuit Is balanced when the elec- 
tron current flowing to one probe Is balanced by the Ion current flowing to 
the other. The currents are therefore limited by the Ion saturation currents 
for each probe. For this reason double probes are generally preferred when 
magnetic fields are present. As shown In figure 25 the V-I characteristic Is 
found by overlapping the Ion saturation characteristic of each probe. For the 
Ideal situation where the electron saturation regions are flat, the current Is 
given by 

I = I 1 tanh(eV/2kT e ) (41) 

The electron temperature Is determined by taking the slope of the curve at the 
origin (fig. 25): 

dl/dV | I=0 =-(e/kT e )I 1( i)Ii( 2 )/[il(l) ♦ Il( 2 )] («) 

Once kT e Is known, the plasma density can be computed from the Ion satu- 
ration current. From figure 25 It Is obvious that only a small fraction of 
the energy distribution of the electrons In the plasma, the high energy tall, 

Is sampled by the symmetrical double probe arrangement. However, this dif- 
ficulty has been overcome by the use of asymmetrical systems. Swift (1969) 
has shown that the complete distribution Is sampled If the area ratio Is suf- 
ficiently large. Groh and Reuschllng (1981) have described an electronic 
analyzer for computing T e (10 4 - 10°K) and n e (10 11 -10^ 3 cm -3 ) directly 
from double probe characteristics of electrodeless glow discharges. 

The foregoing discussion has neglected negative Ions by assuming that 

n_/n e « (m_T e /m e T_) 1/2 (43) 

As Lergon et al. (1984) have shown glow discharges of halogen-bearing gases or 
oxygen have large concentrations of negative Ions. In such cases the contri- 
bution due to negative Ions must be Included. 

Probes have been used for diagnostics of sputter coating discharges and 
plasma deposition systems. Such applications are reviewed by Eser et al. 
*(1978), Thornton (1978) and Clements (1978). Probe surface contamination 
affects probe characteristics and data Interpretation. Clements (1978) has 
pointed out that the effects of contaminants on a probe surface can be 
minimized by biasing the probes with an rf voltage. Oliver et al. (1970) 
excited a double floating probe system with low-amplitude (V^, « kT e /e) rf 
whose frequency was between the plasma-ion and plasma-electron resonant fre- 
quencies and showed that surface oxide layers produced no effect on the 
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measured values of T e and n (even though dc measurements Indicated 
changes of a factor of 2). 

Nllnoml and Yanaglhara (1979) used probes that were heated up to 1000 K 
with sheathed heaters Inserted Into them to prevent polymer films from 
depositing on the surface of the probe. Under film formation In an 
argon/benzene plasma the measured f(E) showed considerable departure from a 
Maxwellian distribution. Yamaguchl et al. (1977, 1979) have described the 
effects of plasma-polymerized styrene films on the V-I characteristics of 
single and double probes. Inspektor et al. (1981) have used floating double 
probes to characterize microwave plasmas In hydrocarbons under pyrocarbon 
deposition conditions and observed that T e and n were not similar In 
their behavior with respect to external parameters such as gas pressure and 
composition, applied power and probe positions In the microwave plasmas. 
Mosburg, Jr. et al. (1983) have shown that, with proper care, electrostatic 
probes can be used for the measurement of T e and n In rf discharges In 
silane, even though a film of semiconducting SI Is continuously deposited on 
the probe surface. In fact they suggest that the measurement may be helped by 
a continuous renewal of the surface. Probe analysis of other silicon contain- 
ing glow discharges have been reported by a number of authors, among them 
Grossman et al. (1982), Gleres (1983) and Avnl et al. (1983). Grossman et al. 
(1982) found that T e was Independent of the rf frequency, but n was 
higher at a higher frequency Indicating a frequency dependence of the degree 
of Ionization. In dc discharges In which the probe was located In the nega- 
tive glow Gleres (1983) found that the electron energy distribution cannot be 
described by a uniform temperature. 

As Venugopalan (1983) pointed out, the use of electrostatic probes Is 
fraught with dangers of not only contamination but also catalytic activity. 
Many of the probe materials such as Pt, W, N1, etc. are well known catalysts 
for a number of reactions even under plasma conditions (Venugopalan and 
Veprek, 1983). This Is a field which needs to be Investigated In some detail, 
particularly under deposition conditions. 


Mass Spectrometrlc Sampling 

Mass spectrometrlc sampling of a plasma Is an Intrusive technique In 
which the particle fluxes generally depend upon the sampling sheath thickness 
and voltage. Nevertheless, It has been applied to Identify and measure 
particle concentrations and energies In glow discharges. In many Instances 
mechanistic Insight has been obtained for processes In the glow and for 
reactions (usually Ion-molecule collisions) In a spatial or temporal afterglow. 

For neutral species molecular beam methods developed by Foner and Hudson 
(1953, 1962) are still In vogue. The neutral beam Is modulated between a 
sampling orifice located In a wall of the discharge tube and the Ionization 
chamber of the mass spectrometer and only the modulated component of the mass 
‘spectrometer output Is recorded. This technique permits all neutral species. 
Including radicals, to be detected with sufficient sensitivity. In the 
absence of modulation the sensitivity for detecting free radicals Is lowered 
by several orders of magnitude. Recently, Hayashl et al. (1982, 1983) used 
photoionization mass spectrometry for observing C m F n radicals produced 
In an rf plasma; the Ionizer used noble gas resonance lines (Ar 11.6 and 11.8 
eV, Kr 10.03, and 10.64 eV) or the Lyman a-Hne (10.2 eV) of hydrogen. 
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For Ionic species a somewhat more complex experimental configuration Is 
necessary. The Ion beam which Is extracted from the plasma through a sampling 
orifice must be focused Into the mass spectrometer. If conventional magnetic 
sector Instruments are used either the plasma Itself or the drift, tube of the 
mass spectrometer has to be operated substantially away from ground potential 
so as to achieve the large and variable kinetic energy of Ions required by 
these Instruments. Wagner and Brandt (1981) have described the use of such an 
Instrument for studying the positive Ion chemistry In SI/SF 5 system. 

In recent years most glow discharge studies have been performed using the, 
quadrupole . 9 first described by Paul, Relnhard and von Zahn (1958) and also 
known as a mass filter . During the last ten years or so there have been 
numerous publications on Ion sampling from glow discharge deposition and 
polymerization systems using quadrupole mass spectrometers. We may refer here 
to papers by Kay et al. (1976), Smollnsky and Vaslle (1977), Turban et al. 
(1979, 1982) and Carml et al. (1982). Wagner and Veprek (1982, 1983) have 
described the application of mass filters for kinetic and chemical relaxation 
studies In S1/H system. Quadruples require only low energy Ions (10 eV) and 
can be operated without serious problems If the Ion beam has a significant 
energy spread. Their main disadvantage Is low mass resolution. The ability 
to Ionize and collect neutral species Is usually Incorporated In these mass 
spectrometers so that much neutral sampling work Is done along with Ion samp- 
ling. For example, Coburn and Kay (1971) and Purdes et al . (1977) describe 
the monitoring of Ions and neutrals from plasmas through an aperture In the 
substrate table, behind which was mounted a differentially pumped quadrupole 
mass analyzer. Ion-molecule collisions In the sheath region and downstream 
from the sampling orifice affect the accuracy of Ion densities measured this 
way. These effects have been discussed by a number of authors, among them 
Smith and Plumb (1973), Helm et al. (1974), and Hasted (1975). 

In glow discharges used for deposition the main concern Is plasma-surface 
Interaction rather than Ion density. Ions formed In the sheath or downstream 
from the sampling orifice will have a lower energy than Ions coming directly 
from the bulk plasma with an energy characteristic of the plasma potential, 

Vp. The colllslonal processes In the sheath region must be Included to 
obtain the Ion flux Incident on surfaces. For determining the Importance of 
colllslonal processes In the Ion extraction Coburn (1970) and Coburn and Kay 
(1972) used an energy spectrometer between the sampling orifice and the mass 
spectrometer (see fig. 26). Komlya et al. (1977) have reported on the use of 
an Ion energy analyzer In their mass spectrometrlc sampling of the Incident 
Ions on a substrate during deposition by hollow cathode discharge. Franklin 
et al. (1968), Vaslle and Smollnsky (1973), Rowe (1975), and many others have 
used retarding potential techniques. Energy distribution obtained with 
deflation energy spectrometers are much more precise than those measured with 
retarding potentials. The latter, however, Is compatible with llne-of-slght 
sampling of the neutrals. 

In their studies of Ion-molecule reactions Boehme and Goodings (1966), 
'Shahln (1969) and many others combined mass spectrometrlc sampling of positive 
Ions with Langmuir-type probe diagnostics. Recently, Drevlllon et al. (1980) 


9 The name originates from the fact that the device consists of four 
conducting cylinders. 


30 



and Gleres (1983) applied such a combined diagnostics to characterize a dc 
glow discharge deposition system for silicon. For some years Lergon and 
Mueller (1977) have used wall probes for negative Ion extraction In plasmas of 
strongly electron-attaching gases such as SFg. A typical wall probe con- 
sists of a piece of platinum melted Into the Pyrex wall of a discharge tube 
and has an orifice size of 50 ym. Recently Lergon et al. (1984) have shown 
that the measurement of negative Ion Is a very sensitive method for the 
detection of deposited wall material. 


Magnetic Resonance Techniques 

Magnetic resonance methods depend on the gyromagnetlc properties of the 
system to be diagnosed. When these properties are associated with electrons, 
electron paramagnetic resonance (EPR) Is observed. Free atoms and free 
radicals are paramagnetic and the EPR technique has therefore been used for 
studying these species. Several reviews of gas-phase EPR have appeared, among 
them we may cite Westenberg (1969), Carrington et al . (1970), Brown (1972), 
and Miller (1981). The last one Is addressed particularly to the problems 
encountered In plasma diagnostics. Since the detection sensitivity for free 
atoms and radicals Is about 10^ cm - ^ the technique Is suitable for glow 
discharges. 

In general, the absorption of microwave energy by free atoms and radicals 
placed In strong magnetic fields Is studied. A free atom or free radical In a 
magnetic field has Its energy levels split Into their (otherwise degenerate) 
components which correspond to different orientations of the radical's mag- 
netic moment along the magnetic field. This Is, of course, well known as 
Zeeman splitting. In an EPR experiment the free atoms and free radicals must 
be contained In a microwave cavity (fig. 8(b)) and the applied magnetic field 
adjusted such that the energy spacing between the Zeeman levels Is equivalent 
to the resonant microwave frequency (9 GHz) of the cavity. When this reso- 
nance occurs, photons are absorbed by the sample and the loss of power from 
the microwave field Is detected. The energy hv of one of the otherwise 
degenerate Zeeman components Mj Is given by the equation 

ht> = gjy B HMj (44) 


where 

H magnetic field 

v level's frequency relative to Its zero value 

gj "g-factor," which Is determined by the species' magnetic moment 

yg Bohr magneton 

Mj projection of the angular momentum J along the field direction. 

Term symbols give all the necessary Information for calculating gj (see 
Bethe and Salpeter (1957)); spectroscopic selection rule gives Mj = ±1 so 
•that the resonance field H r Is given by 

H r = hu s /gjyg (45) 

where v s Is the microwave frequency of the spectrometer. This simple 
theory allows the prediction of absolute positions of atomic resonances 
usually In the absence of hyperflne structure. 
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A number of atomic species such as H( 2 S-| /2 ) * °( 2s l/2)» N ( 4s 3/2» 2 °5/2)» 
0(3p 2 , 3p-|), f( 2 P 3 /2 * 2p l/2) etc * have been detected In glow discharges In the 
gas phase. Fluorine atom which Is believed to play an Important role In 
plasma etching process, however, has a nuclear spin and can exhibit hyperflne 
structure. In such a case previous studies of the species usually will sug- 
gest the line positions and shifts due to changes In v s can readily be 
estimated from equation (45). Among the free radicals detected we may mention 
OH, SH, CF, SF, NO, CIO, all of which are In 2 IT states, and O 2 , SO, 

SeO In the "'a states. Since their gj values can be calculated 
(Carrington et al. (1970), Hiller (1981)), the resonance fields can be 
predicted. 

Besides Identification EPR spectra have also been used to obtain absolute 
concentrations of free radicals. The reader Is referred to papers by Westen- 
berg (1965) and Breckenrldge and Miller (1972) for details and precautions. 

To cite a case In support, consider 0 2 which has transitions that are mag- 
netic dipole In nature and exhibits a five-line spectrum, four of which cor- 
respond to 1 Ag state and the fifth (strongest) to the ground state 
x3£g. The Integrated EPR signals of a given species are linearly 
proportional to the concentration of that species. Since ground-state 0 2 Is 
a stable gas Its concentration can be measured, say by a pressure measure- 
ment. Thus, by measuring the Intensity of 02 (X 3 Zg) in a given spectro- 
meter, the strength of the lines of any other atomic or molecular species will 
give directly Its absolute concentration. For heteronuclear species which 
have electric dipole transitions NO is used In place of 0 2 as a callbrant 
gas. 


Whereas the possibility exists for measurements of the absolute concen- 
trations of free radicals In gas phase, there have been no widespread appli- 
cation of EPR technique for In situ experiments In glow discharge deposition 
systems. In a recent Investigation Avnl et al. (1983) used an Indirect method 
In which the radicals In different locations of pyrocarbon and silicon plasmas 
were adsorbed and stabilized on preheated alumina and then transferred to an 
EPR tube for measurement. Since the radicals are adsorbed on solid, the reso- 
lution of the spectrum Is poor and radicals cannot be Identified (fig. 27). 

In the condensed phase, the magnetic moment of the species Is determined 
usually by an unpaired spin (S) so that species with S = 0 are not detected 
by EPR. 10 During the transfer the material Invariably comes In contact with 
air and moisture. Morlta et al. (1971, 1976), Tkatschuk et al. (1977) and 
Scott et al. (1979) have shown that exposure of films to air causes a rapid 
decrease In the Intensity of the original signal and even the appearance of 
new signals. This has been reconfirmed by Grenda and Venugopalan (1980) In an 
in situ experiment which also demonstrated the dependence of the signal on the 
film structure. 


10 In the gas phase, however, there Is the possibility of unquenched 
•electronic angular momentum (L) which can give rise to a magnetic moment 
Independent of the spin. The combination of orbital magnetism and electron 
spin can yield better Zeeman effects than typically encountered In condensed 
phases. 
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Nevertheless, the signal Intensity serves as an Indicator for the radical 
concentration In the discharge. As Scott, et al. (1978) pointed out the line 
shape Is usually neither Lorentzlan nor Gaussian and the relative area (A) 
under the absorption curve must be approximated by the product of the peak-to- 
peak amplitude and the square of the peak-to-peak llnewldth. The number 
Np of spins In the film Is calculated from the N s of spin In a standard 
(such as DPPH) using the equation 

Np = N s ( ApG s M s /A s GpMp) (46) 


where 

G amplifier gain 

M modulation amplitude (In Gauss or Tesla). 

It must be pointed out that the presence of unpaired spins In films Is due not 
only to the Incorporation of gaseous free radicals formed In the discharge but 
also to the formation of radicals from the polymer material through the 
process of bond rupture caused by uv radiation In the plasma (section I ID) . 
This was demonstrated by Yasuda (1976) and Morosoff et al. (1976) by using ESR 
probes made of glass rods and polyethlene-coated tubes. 

The application of EPR method to the study of trapped radicals In frozen 
matrices Is complicated because of magnetic anlstroples, matrix shifts, power 
saturation, etc., which result In severe line broadening, line distortion, and 
unusual Intensity distributions. Despite these complexities the published 
literature for the past three 'decades Is rich In EPR work on condensates from 
glow discharges. 


REVIEW OF RESULTS 

In theory It Is conceivable that almost any substance can be decomposed 
to a certain degree In a suitable glow discharge. In fact several hundreds of 
substances have been subjected to glow discharges. While a review of the 
results from the standpoint of starting materials Is desirable for mechanistic 
purposes, Interest In glow discharge deposition has evolved because of the 
mechanical and electrical properties of the films obtained. For this reason 
In this review we shall consider the deposition of three categories of films: 
metallic, semiconducting, and Insulating. 


Metallic Films 

The deposition of metallic films In or near the plasma region was report- 
ed by McTaggart (1965, 1967, 1969) who decomposed the vapors of the alkali and 
alkaline earth metal halides In the presence of a noble gas or In a 

microwave discharge operated by a waveguide resonator. Although the observed 
•dissociation rates could not be correlated with bond energies In the starting 
materials, the dissociation of alkali metal halides (MX) appeared to proceed as 

MX + e- = M + X- 

The alkaline earth metal halides (MX 2 ), on the other hand, yielded deposits 
which consisted of equimolar mixtures of the metals and dlhalldes thus: 


33 



MX 2 + e- = MX + X- 
2MX = H + HX 2 

Glow discharge sputter deposition Is preferable for producing relatively 
pure metallic films. This widely employed technique has been reviewed by a 
number of authors, and recently by Vossen and Cuomo (1978) from a process 
viewpoint. As early as 1852, Grove used this method of metallic film depo- 
sition, whereby a dc glow discharge Is established between a plate of source 
material (cathode) and the substrate (anode) In a chemically Inert gas. The 
early literature on the subject Is well documented by Glockler and Lind 
(1939). Basically, removal of the cathode material results from the bombard- 
ment of the cathode by energetic positive Ions of the discharge. The process 
Is referred to as "cathodic sputtering" and Is the result of energy and momen- 
tum transfer from the bombarding Ions. 

A binary collision Is characterized by the transfer function 4m^m^/ 

(m^ + m-j- ) 2 , where m^ and m^ are the masses of the Incident Ion and 
target species, respectively. Sputtered atoms come from the surface layers of 
the target so that we would expect the sputtering yield S to be proportional 
to the energy deposited In a thin layer near the surface, NL In figure 13. 
Sigmund (1969) has given the following expression for the sputtering yield, S: 

S = (3a/4ir^) [4m^m^/(m^ + mt)2]E/U 0 (47) 


where 

E energy of the Incident Ion 

U 0 surface binding energy of the material being sputtered 
a monotonic Increasing function of mt/m^ which has values of 0.17 
for m^/m^ = 0.1, Increasing up to 1.4 for m^/m^ = 10. 

In practice the sputtering yield rises rapidly from an apparent threshold 
which Is approximately equal to the heat of sublimation and Is usually below 
100 eV. Above 100 eV It becomes a slowly varying function of E until It 
reaches a broad maximum at energies which are higher than would normally be 
encountered In a glow discharge. Selected data are given In table I for Ar + 
Ions at various energies. Vossen and Cuomo (1978) have collated data for a 
number of Ions. The Interested reader Is referred to articles by Winters 
(1976, 1980) for further details. 

So far we have considered cathodic sputtering by positive Ions. In glow 
discharge systems, bombarding Ions are by no means monoenergetlc. Sputtering 
yields given In table I are therefore useful only to give a rough Indication 
of the deposition rate of sputtered films. Further, the flux of neutrals Is 
about 10 4 times greater than the arrival rate of sputtered material. Besides 
ground-state neutrals a further source of bombardment Is due to excited 
neutrals, of which metastables of the sputtering gas would be most abundant 
•(fig. 13). A major source of charged particle bombardment at the anode Is due 
to electrons the energy spectrum of which was measured by Ball (1972) and 
Chapman et al. (1974). They found that the fast electrons emitted from the 
target by Ion and other Impact can have a major Influence on the structure and 
properties of the growing film on the substrate (anode). Negative Ions sput- 
tered from the target are accelerated across the discharge and collide 
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with the anode. As Hanak and Pelllcane (1976) and Cuomo et al . (1978) showed 
the sputtering produced by these negative Ions not only reduced the amount of 
target material deposited on the anode, but, In some Instances, produced 
steady-state sputter removal of the anode material Itself. Finally, photons 
produced during Ion or electron bombardment on any surface and from relaxation 
of excited atoms In the glow can affect the growth of a film. 

If the substrate Is different from the anode, a bias potential (usually 
negative) Is applied to the substrate holder, so that the growing film Is sub- 
ject only to positive Ion bombardment. This Is known variously as "bias sput- 
tering" or "Ion plating." 11 Coburn (1970) Identified the mass and energy of 
Ions bombarding the substrate, with and without bias, In a dc discharge In 
argon with Cu cathode. Although the mass spectra from rf discharges were very 
similar, there Is a considerable difference In the Ion energy distribution 
from the two types of discharge. Data such as these have to be carefully 
Interpreted, as the Ion current magnitude cannot simply be equated with Ion 
abundance; the quadrupole spectrum tends to underestimate higher mass Ions, 
and Its sensitivity also depends on Ion energy. Sputtered particles that were 
ejected from the cathode as positive Ions could not reach the sampling aperture 
because of the large retarding field for positive Ions In the cathode fall 
region of the discharge. Therefore, the observed sputtered material was 
ejected from the cathode as neutral atoms and subsequently Ionized In the dis- 
charge. A similar observation was made In the 1920's by V. Hlppel (1926) and 
Baum (1927) from their spectroscopic work. Coburn (1970) measured the 
63cu + ion current as a function of the cathode position with and without 
bias voltage (fig. 28), the former representing the deposition profile on the 
anode plane. * 

In an rf diode sputtering system Coburn and Kay (1972) found that the 
energy distribution of low mass Ions were broadened significantly by rf modu- 
lation during their passage through the plasma - substrate sheath. Colllslonal 
processes In the sheath region were found to Influence the energy distribution 
of singly charged Ions In the gas phase, but to a much smaller extent than In 
the target sheath. By using essentially the same mass/energy analysis tech- 
nique Komlya et al. (1974) found the relative Intensity ratio of Cr + : 

Ar + :Cr ++ as 80:16:4 In a hollow cathode discharge used for Cr deposition. 

The energy distribution of Cr + which they measured (fig. 29) Indicated that 
Cr + Is produced In a region that Is at a potential of several to ten volts 
higher than that of the vacuum wall. More recently, Zlemann and Kay (1982) 
and Zlemann et al. (1983) have shown that the process of film, deposition by 
bias sputtering In a low pressure (1 mtorr) supported dc discharge can also be 
analyzed In terms of the energy delivered to the growing film by the bombard- 
ing gas Ions per arriving film atom. 


^Initially, the term "Ion plating" was used by Mattox (1964) In refer- 
ence to a process In which the deposition source was a thermal evaporation 
'filament Instead of a sputtering target and the substrates were connected to a 
dc sputtering target. Lately, It was applied by Mattox (1973) to any process 
In which the substrate Is subjected to purposeful Ion bombardment during film 
growth In a glow discharge environment. 
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Greene and Sequeda-Osorlo (1973) have correlated sputtering parameters 
and results of optical emission Intensity measurements for Cu (324.75 nm) In 
an Ar discharge. They also give a brief review of earlier work on spectro- 
scopic diagnostics of glow discharge sputtering. As shown In figure 30 the 
"total" Intensity which Is the area under the I versus t curve Is propor- 
tional to both the total change In target mass and the total thickness of 
deposited film. Since I x t Is proportional to the film thickness the 
sticking coefficient must have remained constant within the sputtering para- 
meters studied (p = 90 mtorr, V = 2 to 3.5 kV). However, for very high sput- 
tering rates or for heated substrates, we would expect a deviation from 
linearity as the sticking coefficient decreases. That the emission Intensity 
Is proportional to the sputtering rate Implies that the probability of target 
atom excitation In the discharge was constant under their experimental condi- 
tions. A possible explanation Is that the maximum concentration of sputtered 
atoms occurs In the cathode fall region where the electron energy Is high and 
the relative probability of electron collision excitation Is small, that Is, 
the high energy tall of the cross section for electron Impact excitation of 
neutral atoms. The results for In shown In figure 31 are, however, typical of 
optical emission data obtained by varying the Ar pressure at constant target 
voltage. The divergence between the cathode fall peak and the negative glow 
peak appears to Indicate an Increasing loss of sputtered material due to gas 
phase scattering of sputtered atoms In transit from the target to the 
substrate. 

Greene (1978) has determined the spatial distribution of sputtered Cu 
atoms by absorption spectroscopy and showed that the deposition rate at the 
substrate for a parallel-plate reactor Is proportional to 1/p (dN/dx) where 
dN/dx Is the anode side slope of the sputtered atom distribution curve. 

Greene (1978) has also Investigated the effect of negative substrate 
bias V|j on the sputtering rate of Cu as a function of Its number density 
In the discharge. Figure 23 shows that N max varied linearly with the target 
sputtering rate for V 5 < 100 V; for V b > 100 V. N max Increased at a 
faster rate due to resputtering from the film contributing a measurable frac- 
tion of the Cu atoms to the discharge, as well as to a slight Increase In the 
residence time of sputtered atoms In the discharge. The resputtering rate 
R r was calculated by using the equation 

R r = R s ( 1 - r) Cl - 5] = R s O - r) - R a (48) 

where the accumulation rate R a = R s (l - r)?, r s Is the sputtering rate, r 
Is the fraction of material that Is lost from discharge by scattering and 
5 Is the probability that the Impinging atom will be Incorporated Into the 
film. The last equality Is obtained for the case that the thermal sticking 
probability Is unity. The Inset In figure 32 shows that the resputtering rate 
during deposition Is linearly proportional to the excess signal, AN, for 
various values of V b . 

* Host of our discussion until now has been concerned with the sputtering 
of a single metal. The sputter deposition of alloys, and multicomponent films 
In general, Is complicated because the components may have different sput- 
tering yields, condensation coefficients and transport properties. An example 
of this Is found In Coburn's (1970) work using an aluminum-bronze (Fe, 3 at.%; 
Al, 15 at. %; Cu 82 at.%) cathode In a dc discharge In argon. The positive- 
ion mass spectrum showed a relatively large abundance of Fe + which could 
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not be explained. Greene et al. (1975, 1978) used emission spectroscopy to 
detect not only the discharge gas but also the elements from alloy targets 
such as Monel K-500 (N1, 65.33 wt. % ; Cu, 29.31 wt.£ ; Fe, 1.01 wt.Jf) and 
Inconel 718 (N1 , 53.25 wt.*; Fe, 18.14 wt.fl; Cr, 18.01 wt.Jf). Upon Initial 
bombardment of the surface the constituents with the highest sputter yield 
(table I) Is preferentially removed from the surface, enriching the surface 
layer In the lower sputter yield material (segregation) until a steady state 
Is reached. The mean free paths of the sputtered material should not be very 
different, but the condensation coefficient of a multicomponent target will be 
different, causing an effective change In the composition of the depositing 
alloy. Resputtering will, of course, deplete the film of the component with 
the higher sputtering yield, and will be particularly effective under bias 
conditions . 

"Chemical sputtering" may occur If reactive gases are present In the 
deposition system. It Involves the reaction of an excited neutral or Ionized 
gas with a surface to form volatile compounds. The technique Is mainly used 
for plasma treatment of organic surfaces and for etching In plasmas. As early 
as 1926, Guentherschul ze observed that C, Se, As, Sb, and B1 formed volatile 
hydrides In a cold-cathode discharge In hydrogen and that these compounds dis- 
sociated outside of the cathode dark space to deposit metallic films. How- 
ever, a relatively recent study of the chemical sputtering of graphite In an 
oxygen plasma by Holland and Ojha (1976) Indicated that Impacting Ions sput- 
tered C-0 compounds without their dissociating In the plasma. Also, Hanak and 
Pelllcane (1976) found that etching of glass substrates rather than film 
deposition occurred In systems with reactive anion targets of TbF 3 and 
TbCl 3 . Such glow discharge systems have not been analyzed In any detail. 

Neutral metal dimers have been observed during the sputtering of metal 
targets. For early work In this field, the reader Is referred to papers by 
Honlg (1958), Woodyard and Cooper (1964), and Oechsner and Gerhard (1972). 
Coburn et al. (1974) made a mass spectrometrlc study of the sputtered species 
arriving at the substrate In an rf diode sputtering system when various metal 
oxide (M x 0y) targets were used. Figure 33 shows the extent to which 
species MO* are observed relative to the species M + as a function of M-0 
bond energy. If the species MO were Ionized In the discharge with an 
efficiency comparable to that for the Ionization of the species M, then 
molecular sputtered species MO constitute a sizeable fraction of the total 
sputtered material particularly If the M-0 bond energy Is large. 


Semiconducting Films 

The glow discharge deposition of semiconductor films, particularly 
silicon, has been extensively studied. Since the early experiments of Schwarz 
and Heinrich (1935) numerous Investigators have decomposed silane (SIH 4 ) 
under a variety of conditions In an effort to prepare pure SI. However, the 
deposited film Is largely hydrogenated amorphous silicon, sometimes also 
•called "polysllane," a-S1:H, or simply a-SI . The preparation of polycrystal- 
llne SI, pc-SI, and Ge films was accomplished by Veprek and Marecek (1968) who 
used the chemical transport of SI and Ge In a glow discharge In H 2 . More 
recently, microcrystal 1 Ine silicon, pc-SI, has been deposited by the decompo- 
sition of SI Cl 4 and SIHCI 3 and their mixtures with H 2 In glow discharges. 
During the past decade there have been numerous publications on the analysis 
for characterization of these films. There have also been several experiments 
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to deplete their H or Cl-content. In view of their commercial Importance the 
preparation of doped or Ion-Implanted silicon films has also been a signifi- 
cant field of activity. LeComber and Spear (1979) and Bauer and Bllger (1981) 
have discussed some of the discharge conditions which Influence the properties 
of the films. It Is only during the last five years or so, serious efforts 
have been made to study the basic processes which result In different types of. 
silicon. 

Glow discharges In silicon hydrides . - Mosburg, Jr. et al. (1983) have 
reported probe measurements of electron temperature and density In rf dis- 
charges In silane (fig. 34) and B-doped silane, even though a film of SI was 
continuously deposited on the probe surface. Their work suggested that the 
measurements may be helped by a continuous renewal of surface. During typical 
depositions of thin films of a-SI, values of kT e = 2 to 2.5 eV and n e = (1 
- 1.5)xl0 9 cnr 3 were obtained In silane plasmas at 72 mtorr and 1.2 W rf 
power. By using microwave ^Interferometry 1 2 Turban et al. (1979) measured 
the mean electron density, n e , of an rf discharge In 5 percent SIH 4 - He 
as a function of the rf power (fig. 35). De Rosney et al. (1983) deduced 
electron temperatures ranging from 1.6 to 2.5 eV from the ratio of the SI 
(288.2 nm) to H (656.3 nm) emission Intensities and the cross sections listed 
by Perrin and Schmitt (1982). All these values appear to be reasonable for 
the given set of experimental parameters such as gas pressure and discharge 
power/frequency. 

Hata et al . (1983 a,b,c) have used the CARS-technlque for spatially 
resolved density measurements of SIH 4 molecules and their rotational tem- 
peratures. In addition, they 'have detected for the first time the elusive 
S1H 2 In a hydrogen-diluted silane (SIH 4 /H 2 = 1/9) plasma. Interestingly 
enough, O'Keefe and Lampe (1983) have also detected S1H 2 , but by the OES 
technique In SIH 4 and SIH 4 -SIF 4 mixtures Irradiated by a pulsed C0 2 
laser. Since S1H 2 Is considered to be the most probable species dominating 
a-SI deposition (Kampas and Griffith, 1981), further application of the CARS 
technique Is to be expected to elucidate the role of S1H 2 In the surface 
reaction. For the present, optical emission spectroscopy (OES) and mass 
spectrometry (MS) are the two techniques widely used for species Identifi- 
cation and concentration measurement In these systems. In the following sec- 
tions we shall briefly survey recent papers on these two topics. 


Optical Emission Spectroscopy 

Griffith et al. (1980) and Kampas and Griffith (1980) Identified optical 
emission from the species H, H 2 , SI, S1H and several Impurity species In 
silane discharges. Perrin and Delafosse (1980) found that the rotational 
levels of the A 2 A state of S 1 H (4127 A) are abnormally excited. Further 


12 The phase shift Introduced by a plasma column of radius R gives the 
mean electron density <n e > according to 

A(J> = 4ir(R/\)[(l - <n e >/n c ) 1 / 2 - 1] 

where \ Is the mean free space wavelength and n c the cut-off electron 
density. 
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work by Kampas. and Griffith (1981) and Kampas (1983) using collision partners 
such as N 2 and Ar have revealed that H and the emitting excited states of SI 
and S1H are primary products of the silane decomposition. They also found 
that the electron concentration decreased and the average electron energy 
Increased as [SIH 4 ] was Increased In S 1 H 4 -Ar mixtures. This dependence 
explains the work of Knights et al. (1981), which showed that the deposition 
rate of a-SI from silane - noble gas mixtures Is not proportional to [SIH 4 ]. 

In their later work Knights et al. (1982) measured the vibration-rotation 
bands of the electronic ground state of S1H and deduced vibrational and rota- 
tional temperatures of this species to be 2000 and 484 K, respectively. This 
suggested that for all dissociative states of SIH 4 produced by electron 
Impact leading to S1H formation there Is a large excess of energy released In 
excitation of the fragments. Knights et al. (1982) also measured the Infrared 
absorption spectrum of SIH 4 (t >3 band at 5 y) and used It to Identify the 
SIH 4 absorption from the plasma. The rotational and vibrational temperature 
of 300 and 850 K thus deduced for SIH 4 Is consistent with a nonequilibrium 
population driven by direct electron Impact excitation of "rovlbratlon" and 
subsequent colllslonal quenching. 

A typical 0ES spectrum obtained by Matsuda et al. (1980) and Hatsuda and 
Tanaka (1982) from a pure SIH 4 glow discharge plasma Is shown In figure 36. 
They found that the 0ES Intensity ratio of H* to S1H* Is strongly cor- 
related with the median wave number u’ m of the S1-H stretching absorption 
band of the deposited film over a wide parameter space of the plasma con- 
ditions Including Inert gas (He, Ne, Ar) dilution of SIH 4 . The paper of 
Matsuda and Tanaka (1982) also describes the phenomenological relationship 
between the 0ES data and the properties of the deposited film. 

In their later work Matsuda et al . (1983) studied SI 2 H 5 discharges as 
well. Figure 37 shows the deposition rate of a-SI films from SIH 4 and 
SI 2 H& glow discharges In diode and trlode reactors plotted against the 
line Intensity of S1H observed by 0ES during deposition. As Is evident, the 
deposition rate of a-SI from the S 1 H 4 o glow discharge Is proportional to the 
line Intensity of S1H emission (4127 A). No such simple behavior was found 
for SI 2 H 5 discharges. From the quantitative measurement of the luminosity 
of the S1H emission, Matsuda et al. (1983) estimated the density of S1H* to 
be 3xl0 6 cm -3 . Since this value Is 3 to 4 orders of magnitude lower than 
the density of species required for explaining the observed deposition rate, 

It was concluded that S1H* Is not a direct precursor for a-SI deposition but 
other species correlated with S1H* (possibly S1H neutral radicals) are 
responsible for the deposition from SIH 4 plasma. By measuring the depo- 
sition rate as a function of the separation between the mesh and the substrate 
electrode In a trlode reactor Matsuda et al. (1983) determined that the S1H 
radical In S^Hg plasma has a much shorter lifetime than that In SIH 4 
plasma. 

Optical emission spectroscopy has also been applied by Marcyk and Street- 
’man (1977) for measuring As-Implanted SI, and by Zesch et al. (1980), among 
others, for measuring B-dopant concentrations, In a-SI. 
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Mass Spectrometry 

Haller (1980) observed high relative abundances of Ions containing more 
than one SI atom, S1jH|,. + , and suggested that their most rapid reactions In 
a silane plasma are charge transfer and formation of new SI-SI bonds upon 
collision with SIH 4 . Drevlllon et al. (1980) found that S 1 H 3 + was the 
dominant Ion by mass spectrometrlc sampling of a multipole discharge In 80 
percent SIH 4 - 20 percent H 2 . 

Based on a mass spectrometrlc analysis of the positive Ions and neutrals 
In S 1 H 4 ~He, SIH 4 -D 2 , and S 104 ~He plasma Turban et al. (1982) proposed 
the scheme shown In figure 38 for the deposition of a-SI films. They observed 
Ion - molecule, disproportionation, Insertion and abstraction reactions 
Involving the following active species: SIH 2 , SIH 3 , H, S 1 H 2 + , and SIH 4 . 

Their study of the species flux to the walls of the discharge tube showed that 
free radicals S1H n (n = 0 to 3) are the gaseous precursors of the film and 
that heterogeneous reactions of these radicals, H atoms, and Ions at the walls 
control the composition and the structure of the films. The possibility that 
SIH 2 and/or SIH 3 radicals play an Important role In the film formation was 
also suggested by Knights (1980) and Scott et al. (1980). Apparently the S1-H 
bonds In the film are produced partly from S1H n radicals and partly from the 
direct Incorporation of H atoms Into the growing film. The H-atom etching of 
a-SI films, which perhaps Initiates the SI chemical transport observed by 
Veprek and Marecek (1968), Indicates some reversibility In the deposition 
process (fig. 38). 

Matsuda and Tanaka (1982> combined OES with MS for characterizing the 
glow discharges of SIH 4 , SI 2 H 5 , and S 1 H 4 - 1 nert gas mixtures under conditions 
of a-SI deposition. They found that the density of Ionic species, dominantly 
S 1 H 3 + , Is lower than that of neutral radicals by 4 to 5 orders of magnitude. 
Their biased substrate experiments showed that Ionic species gave no discern- 
ible change In the deposition rate but strongly affected the quantity of 
hydrogen Introduced Into the film In the form of H + . The deposition rate 
could be well correlated with the MS data and analyzed quantitatively In terms 
of the H to SI ratio In the plasma. On the basis of mass spectrometrlc 
measurement, Matsuda et al. (1983) have also demonstrated that the crystallite 
size Is strongly affected by the amount of Ionic species Impinging on the 
growing surface of c-SI. 

Chemical transport In hydrogen plasma . - Chemical transport In a low 
pressure plasma of hydrogen has been used for preparing films of several 
materials since the formation of pc-SI and Ge films was reported by Veprek and 
Marecek (1968). The transport takes place only 1h the direction of Increasing 
gas temperature, but the discharge current density Is nearly constant between 
the charge and the deposition zone. Through a series of refinements In 
technique Veprek et al. (1981) have found It possible to deposit polycrystal- 
llne films of silicon at temperatures as low as 80° C. For a long time the 
emphasis In these Investigations have been on the properties of the films and 
, their control rather than understanding their formation via analysis of the 
glow discharges (see Veprek, 1980, 1982). 

Recently, Wagner and Veprek (1982) made a mass spectrometrlc study of a 
deuterium discharge over c-SI powder, a silane discharge, and a deuterium dis- 
charge over a-SI deposited by a silane discharge. They found that at long 
residence times (>5 s) the steady-state signal heights of S 1 H 2 + (silane 
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discharge) and S 1 D 2 + (SI/D 2 discharge) are the same even though the two 
systems approach steady-state from opposite sides. The equivalence of the 
signal heights at long residence times means that the rates of production of 
silane (forward reaction) 


SI ( s ) + ( x/m) H m ( g ) ^ S1H x (g) (52) 

and the removal of silane (reverse reaction) are equal. For this to be the 
case the authors proposed that a "partial chemical equilibrium" (nonlsothermal 
conditions!) must have been reached In the SI/H 2 discharge. The kinetic 
parameter controlling the extent of departure of the system from such a state 
Is the ratio x/t res , where t Is the characteristic time of reaction 
(eq. (52)), either from the educt or product side, and t res Is the mean 
residence time of the species In the reaction zone. This work Is significant 
In that the authors were able to delineate the conditions under which a-SI 
(t res /x < 1) and c-SI (t res /x >10) films are deposited. 

In their later work, Wagner and Veprek (1983) applied a chemical relax- 
ation technique to show that both SIH 4 and H 2 /SI ( s ) discharges operating 
under the same conditions of pressure, discharge current density, temperature, 
and residence time display the same kinetic response as well as silane con- 
centration when they are at "partial chemical equilibrium", l.e., t res » 
t. Since the formation of H 2 and the decomposition of silane occurred on 
the same time scale, a single step mechanism of silane decomposition was 
proposed: 


. S1H 4 = SI H 2 + H 2 (53) 

Glow discharges In chlorosllanes . - The deposition of c-SI from glow dis- 
charges In SI Cl 4 and SIHCI 3 and their mixtures with H 2 and/or noble 
gases has been studied. Bruno et al. (1979, 1980, 1981), Katz et al. (1980), 
Gafrl et al. (1980), Grossman et al. (1981, 1982a) and Grlmberg et al . (1982) 
have described the dependence of the deposition rate on parameters such as 
position of the substrate In the reactor, gas pressure and composition, dis- 
charge power and frequency, etc. Grossman et al . (1982b) also characterized 
an rf plasma In Ar + 10 vol % H 2 using a floating double probe; based on 
this characterization they Interpreted the deposition results from an rf 
plasma In a gas mixture containing 2.5 vol % S1C1 4 and 7.5 vol % H 2 In 
Ar. Table IV shows the values of T e , n^ and degree of Ionization at two 
radiofrequencies as a function of pressure. The electron temperature was 
found to be almost Independent of the frequency, while the positive Ion con- 
centration was higher at a higher frequency. In consequence, there Is an 
Increase In the degree of Ionization at the higher frequency. Since a higher 
degree of Ionization Induces a higher Ion-molecule Interaction, an Increase In 
the decomposition of SI CT 4 and deposition of SI Is to be expected and was 
actually observed. 

Avnl et al. (1983abc), Grill et al. (1983) and Manory et al. (1983) have 
.made mass spectrometrlc sampling of microwave plasmas of SI Cl 4 + H 2 + Ar 
mixtures, which were characterized using the double floating probe system 
shown In figure 39. They recognized that the deposition rate of SI Is highest 
and the Cl contamination In the SI deposit the lowest where the SI Cl 4 enters 
the plasma. The free radicals from the plasma were adsorbed and stabilized on 
alumina and their concentrations were determined to be highest upstream of the 
plasma rather than downstream (fig. 40). Based on these observations the 


41 


formation of polymerized silicon species by radicals and Ion-molecule Inter- 
actions was proposed: 



S1C1 


S1C1 . 

S1C1* 


S '2 C 1 2-4 

... S W C1 2 


S1C14 


SI c 1 * 

S1C1 3 + 


S1 2 C1 5 

“^ ... S 'x C1 , tcl 2 


They, however, noticed a nonproportlonallty between the deposition process of 
SI and Its concentration In the plasma at higher pressures and Input powers. 
This, of course, could be attributed to the etchant properties of chlorine 
atoms and Ions, and sputtering by Ar + Ions. 


Insulating Films 

Insulating films are Invariably compounds, usually oxides grown by plasma 
oxygenation of metals and carbonaceous materials containing H or F produced by 
glow discharge polymerization of hydrocarbons or fluorocarbons . 13 They have 
also been produced by glow discharge sputtering. 

Glow discharge sputtering of compound targets has been studied by a 
number of authors. By using the Ion sampling and energy analysis system that 
was previously described, Coburn et al. (1974) found that the Intensity of 
sputtered neutral molecules exceeded that of sputtered neutral atoms for 
several oxide targets In an rf diode glow discharge. Given that a metal oxide 
target, and by Implication any other compound target, Is unlikely to be sput- 
tered In a molecular form, It Is not surprising that the stoichiometry of the 
resulting film will be different from that of the target, usually being 
deficient In the gaseous or other volatile species. However, Ersklne and 
Cserhatl (1978) have shown that the stoichiometry of a quartz (SIO 2 ) film Is 
the same as the target If the sputtering Is done In a mixture of 95 percent Ar 
and 5 percent 03 . Usually this Involves some sort of reactive sputtering . 

This Is the type of process In which a compound Is synthesized by sputtering a 
target (e.g., T1) In a reactive gas (e.g., O 2 or Ar -02 mixtures) to form a 
compound (TIO 2 ). It Is Impossible for us to review the numerous reactive 
sputtering processes that have been described In the literature. We shall 
refer the reader to an extensive bibliography prepared by Vossen and Cuomo 
(1978). At very low reactive gas partial pressure and high target sputtering 
rate, It Is well established that virtually all of the compound synthesis 
occurs at the substrate and that the stoichiometry of the film depends on the 
relative rates of arrival at the substrate of metal vapor and reactive gas. 

Plasma oxidation/anodizatio n. - The formation of an oxide on a metal or 
semiconductor surface Immersed and floating In an oxygen plasma Is called 
"plasma oxidation." When the growth Is stimulated by applying a bias to the 
•substrate so that the film surface potential Is above the floating potential 
the process Is called "plasma anodization." The topic has been reviewed by 


^According to Hauser (1977) and Hosokawa et al . (1981) carbon coatings 
deposited by sputtering are conducting rather than Insulating. 
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Dell' Oca et al. (1971), O'Hanlon (1977), Gourrier and Bacal (1981), Ojha 
(1982), and many others. 

Earlier work on plasma oxidation by Llgenza (1965), Welnrelch (1966) and 
others were done In microwave or dc discharges which were Inadequate In 
producing pin hole free thin oxide films at controlled rates. Further, Leslie 
et al. (1978) have reported that the films produced In dc discharges were 
contaminated by the cathode material. Greiner (1971, 1974) was able to over- 
come these problems by placing the substrate to be oxidized on the cathode of 
an rf system and adjusting the cathode potential to a value that resulted in 
simultaneous etching and oxidation by oxygen Ions during the oxide growth. 

Ray and Relsman (1981) recorded the growth of SIO 2 only at pressures > 10 mtorr 

the growth rate on the SI surface facing away from the discharge was signifi- 

cantly higher. Haper et al. (1981), however, reported that the rf oxidation 
technique suffers from such drawbacks as contamination of the oxide film due 
to sputtering of the walls, deposition of back-sputtered material, and exces- 
sive heating of the sample during oxidation. Since particle energies may 
reach as high as 10 3 eV, some Ion Implantation Is to be expected. Despite 
these problems, the rf process has become dominant for the fabrication of 

tunnel barriers for Josephson technology, for both lead alloy and niobium 

films. 

A schematic representation of the physical processes occurring during 
plasma anodization Is shown In figure 41. That the oxide growth rate and the 
oxide film thickness Increases on application of a positive potential led 
O'Hanlon and Pennebaker (1971) to suggest that negative oxygen Ions In the 
discharge were essential for the oxide growth. However, Olive et al. (1972) 
found only a small decrease In the anodization rate when the barrier for the 
negative Ion flux was Increased by decreasing the dc surface potential of a 
tantalum substrate through the application of a combination of dc and rf 
potentials at constant anode current. Gourrier et al. (1980) found from 
photodetachment and probe measurements that the supply of negative Ions from 
the plasma cannot account for the observed oxidation rates of GaAs. Although 
O'Hanlon and Sampogna (1973) were able to Increase the anodization rate by 
biasing positively an additional grid, their probe measurements Indicated 
essentially that the electron temperature was enhanced. By using a magnetic 
field Chang (1979) prevented the electrons from reaching the plasma surface 
and found a strong reduction of the growth rate. Therefore, electron-assisted 
surface processes have been Invoked. According to Adno and Matsumura (1978) 
electron capture by adsorbed oxygen atoms Is the most likely process, the 
oxygen atoms originating from the plasma or on the surface by electron- 
stimulated dissociation. The possibility of dissociative attachment to 
adsorbed oxygen molecules cannot be ruled out. 

During plasma anodization charge transport occurs In the oxide: elec- 

trons and oxygen anions move Inwards, and sample cations outwards. Only a few 
results for GaAs and SI have been reported on the ratio of anionic to cationic 
movements. By using 18 02 as a marker Yamasaki and Sugano (1980) showed 
•that the oxygen order Is largely conserved during GaAs plasma anodization In 
an rf discharge. This suggested that long-range migration of oxygen anions by 
direct Interstitial transport Is not dominant. Perrlere et al. (1982) arrived 
at a similar conclusion from their 18 0 plasma anodization of SI through thin 
1 8 0 -enriched Zr02 layers. By using double-layered structures of Al/GaAs 
Chang (1979) and Gourrier et al. (1980) found that GaAs oxide can be formed on 
both sides of the Al layer, which Is Itself oxidized, and concluded that both 
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oxygen Ions and substrate Ions move during the anodization. However, Ho and 
Sugano (1979, 1982) and Chang et al. (1980) found that only oxygen migration 
occurs during SI oxidation. Thus, the results appear to depend on the 
oxidized or anodized material. Fromhold (1977, 1982) and Fromhold and Baker 
(1980) have carried out calculations using a very simplified model which 
assumes that the rate of oxidation Is limited by the transport of ionic 
species through the already formed layer, with the transport mechanism being 
the thermally activated hopping of Ionic defects In the presence of electric 
fields due to the surface potential established by the discharge and modified 
by the space charge of the mobile Ionic defects. The results on the oxidation 
of InP which Melners (1982) and Wager et al . ( 1 982) have obtained recently 
using heated afterglows rather than plasmas seem to suggest a significant 
contribution from plasma excited neutrals as well. 

Glow discharge nltrldlng . - Nearly half a century ago the use of a low- 
pressure glow discharge for nltrldlng was Introduced by Berghouse (1932) and 
von Bosse et al. (1932). The material to be nltrlded Is used as the cathode 
In a glow discharge produced In a gas mixture which contains nitrogen. The gas 
mixtures used are N 2 + Ar, N 2 + H 2 , NH 3 + Ar, etc. For rapid nitride 
growth high current and power densities (0.1 to 10 mA cm~2 and 0.5 to 1 kV) 
are desirable so that the abnormal region of the glow discharge Is preferred. 
Besides steel, refractory metals such as Zr, T1, Ho, Nb and carbides such as 
TIC have been nltrlded In a glow discharge. Gruen et al. (1980), Veprek 
(1980) and Ojha (1982) have reviewed plasma nltrldlng In some detail. 

Emission spectroscopy of glow discharges In N 2 has shown the presence 
of N + and N 2 + so that the cathode undergoes energetic Ion bombardment 
besides adsorbing neutral gas species such as atomic nitrogen. Because a 
steel specimen could not be nltrlded In a floating position, Hudls (1973) con- 
cluded that adsorbed gas species are Insufficient for nltrldlng. Edenhofer 
(1974) and Lakhtln et al. (1976) observed that reactive sputtering of the 
cathode and back-diffusion of the sputtered species are responsible for the 
nltrldlng of steel. Sputtered Fe atoms react with nitrogen to form unstable 
FeN, which Is back-scattered onto the cathode and decomposed to lower ni- 
trides, such as Fe 2 N, Fe 3 N, and Fe 4 N. A fraction of the nitrogen atoms 
released due to such a decomposition Is believed to diffuse Into the steel. 

Hudls (1973) found by mass spectrometrlc sampling of Ions through a hole 
In the center of the cathode that In a nitrogen-hydrogen plasma nitrogen Ions 
(N + , N 2 + , etc.) comprise less than 0.1 percent of the cathode current 
while nitrogen-hydrogen molecular Ions comprise 10 to 20 percent. In a nitro- 
gen-argon plasma, however, N + and N 2 + comprise 80 percent of the cathode 
current but produce very little nltrldlng. Nevertheless, a number of authors, 
among them Hudls (1973), Lebrun et al. (1972) and Content et al. (1974), sug- 
gested that fast Ions and neutrals from the glow penetrate Into the cathode to 
a depth of several atomic lengths and that the nitrogen absorbed In this way 
diffuses Into the metal and forms a layer with a nitride structure. A nltrld- 
lng mechanism based on the formation of vacancy and nitrogen Ion pairs and 
•their subsequent diffusion Inside the metal was proposed by Brokman and Tuler 
(1981). They used crossed electric and magnetic fields to enhance the Ion 
current density and found that the diffusion coefficient was proportional to 
the current density. However, Tibbetts (1974) found nltrldlng even when 
positive Ions were repelled from a steel surface by a biased grid. 
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Szabo and Wllhelml (1983) have made a mass spectrometrlc study of con- 
tinuous and pulsed dc discharges used for steel nitriding. They observed 
NH X (x = 0 - 4) and a strong cataphoretlc enrichment of hydrogen. When a 
freshly nltrlded steel surface was sputtered In Ar, Fe, FeNH 2 , and FeNH 3 
Ions were detected. Therefore, they proposed the formation of a FeNH ?_3 
boundary layer. This Is consistent with the work of Braganza et al. (1979) 
which showed that In a hydrogen glow discharge nltrlded stainless steel Is 
considerably depleted In nitrogen. 

Liu et al . (1978) found that the kinetics of T1 and Zr nitride formation 
are enhanced by about a factor three In the dc discharge technique compared 
with thermal nitriding. Konuma and Matsumoto (1977), Matsumoto and Kanzakl 
(1983) and Matsumoto et al. (1982) have studied the nitriding of T1 and Zr In 
a nitrogen and 10 percent H 2 to 90 percent N 2 rf discharge at 5 to 20 torr 
pressure. Probe measurements revealed that the N 2 and N 2 +H 2 plasmas, 
respectively, had electron energies of 8 to 10 and 9 to 11 eV, and Ion densi- 
ties of lO^-lOlO and 10^0 cm -3 . From these values, Vf was estimated 
as -80 to -100 V. Emission spectroscopy showed a number of electronic tran- 
sitions, among them the C 3 iry - B 3 irg transition of N 2 , the b 2 z u + - X 3 ig + 
transition of N 2 + and the A 3 ir - X 3 ?- transition of NH, the latter In the plasma 
which contained 10 percent H 2 (table V). The N 2 + was estimated to have a 
vibrational temperature of 5700 K for Av = 1 . Besides N + and N 2 + mass 
spectrometrlc sampling of the N 2 +H 2 plasma while nitriding showed NH X 
(x = 1 to 4) species. Matsumoto and co-workers found that the addition of 
H 2 decreased the concentration of N 2 + and consequently the sputtering of 
T1 by N 2 + . Based on an ESCA analysis which revealed NH radicals on tita- 
nium surface Matsumoto proposed mechanisms consistent with an Initial nitride 
forming reaction Involving NH with the substrate, followed by the diffusion of 
nitrogen from nitride to metal. 

The nitriding of silicon In rf plasma has been reported. By using a 
double probe Akashl et al. (1981) found that the plasma (electron) density In 
N 2 ~He discharge was much higher than those In N 2 discharges and attributed 
the effective nitriding of SI In N 2 -He discharges to Increased activation 
and Ionization of N 2 by Penning effect of excited He. The SIN films were, 
however, uneven due perhaps to a radial distribution of N e and T e In the 
reactor tube. Matsumoto and Yatsuda (1981) used N 2 and N 2 -H 2 plasmas 
with electron densities of 10 3 -10l0 cm -3 and electron energies of 4 to 9 
and 4 to 14 eV, respectively. The mass spectrometrlc samplings of their N 2 
plasma showed N + , N 2 + , NO and SI; the addition of H 2 suppressed SI and 
NO. The NO formation was explained by the sputtering of SIO 2 from the dis- 
charge walls by N 2 + and the reaction of S 102 .w 1 th N 2 In the plasma. The 
hydrogen apparently suppressed NO formation and produced NH X (x =1 to 3) 
which aided In the nitriding process. Evidence from Ion beam studies of Taylor 
et al. (1978) suggests that N 2 + Ions undergo charge exchange and dis- 
sociate at the surface of silicon and Its oxides (S10, SIO 2 ) to form hot N 
atoms which react with SI producing nitrides which are similar to those of the 
type SI 3 N 4 . 

Plasma carburizing . - In principle the method Is similar to glow dis- 
charge nitriding. Grube and Gay (1978) studied the carburizing of a steel 
cathode In a dc cold cathode glow discharge of a hydrocarbon gas (1 to 20 
torr) heated by an external furnace to a temperature of 1050° C. Under the 
experimental conditions the hydrocarbon dissociates not only pyrolytlcal ly but 
also by electron bombardment In the discharge region, the latter enhancing the 
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deposition rate of carbon on the metal surface. It has been suggested that 
high Infusion rates of carbon Into the surface, rather than high diffusion 
rates, are responsible for the high carburizing rates achieved In plasma 
carburizing. 

Yoshlhara et al. (1978) have reported the preparation of SIC films by 
carburization In an rf discharge of a 2:3 mixture of SIH 4 and CH 4 by 
volume. Konuma et al. (1979) used an rf plasma In methane (10 to 30 torr) for 
carburizing of metals such as T1, Zr, Nb, and Ta. Although the carbides were 
Identified on the metal surface by ESCA analysis the discharge produced oily 
products which were Identified by mass spectroscopy to be polyethylene and a 
mixture of higher chain hydrocarbons with mass numbers as high as 450 amu. 
Although these glow discharges have not been analyzed under carburizing con- 
ditions, there Is a considerable body of evidence from glow discharge poly- 
merization work (see below) that CH 4 radicals may be responsible for carbide 
formation. 

Glow discharge polymerization J 4 - When a glow discharge Is produced In 
the vapor of an organic compound or Its mixture with a noble gas, such as Ar, 
films of a polymeric nature are deposited on the surfaces exposed to the 
glow/afterglow. The observation of this phenomenon dates back to de Wilde 
(1874) and Thenard and Thenard (1874). For nearly a century, however, such 
films were considered undesirable by-products and efforts were made to prevent 
film formation. For example, Suhr (1974) designed reactors with externally 
heated walls to prevent film formation. About the 1950's the advantageous 
features of these organic films (e.g., flawless thin coatings, good adhesion 
to the substrate, chemical Inertness, and low dielectric constant) were 
recognized. Since then much applied research on the use of the process has 
been done and several hundred papers published. It Is Impossible for us to 
review all this work here. The Interested reader Is referred to review 
articles by Kolotyrkln et al. (1967), Mearns (1969), Millard (1974), Havens et 
al. (1976), Bell (1976, 1980), Yasuda (1978), Kay et al. (1980), Shen and Bell 
(1979) and Boenlg (1982). Gazlckl and Yasuda (1983) have summarized the 
electrical properties of these films and their control by regulating the glow 
discharge parameters. 

Besides hydrocarbons, organic compounds containing nitrogen, fluorine, 
oxygen and silicon have been used as starting materials for glow discharge 
polymerization. The overall mechanism has been represented schematically 
(fig. 42) by Poll et al. (1976). It suggests that monomer can be converted 
Into reactive and nonreactive products through processes occurring In the 
plasma (II and IV) as well as entering Into polymer formation (I). The 
reactive products may also contribute to polymer deposition (III) or be con- 
verted to nonreactive products (V). The degradation of the polymer to form 
nonreactive products (VI) Is Included. 


^In contrast to conventional polymerization - l.e., molecular poly- 
merization - polymer formation In glow discharge may be characterized as 
elemental or atomic polymerization. As Yasuda (1978) pointed out the term 
"plasma polymerization" should strictly be applied to polymerization which 
occurs In a plasma state. The term "glow discharge polymerization" has a 
wider meaning In the sense that Includes plasma-induced polymerization. 


46 


It should be noted that the predominance of a mechanism will depend not 
only on the chemical structure of the starting materials but also on the con- 
ditions of the discharge. The nature of the gaseous product(s) plays a . sig- 
nificant role In determining the extent of the ablation process. For example, 
Kay (1977) has reported that ablation of the polymer deposit occurs by shut- 
ting off the hydrogen which caused the deposition of polymer In an otherwise 
nonpolymerizing CF 4 discharge. Evidently H 2 removes H as HF from the dis- 
charge system, thus reducing the etching effect by the fluorine plasma. The 
Importance of the ablation process Is also demonstrated by the poor polymer 
formation reported by Yasuda (1977) In glow discharges of oxygen-containing 
compounds. In short, the deposition observed In glow discharges Is the 
resultant of the competitive ablation and polymerization processes. Further, 
It Is necessary to distinguish between rate of polymerization and rate of 
deposition. In the literature these two terms are used Interchangeably; 
unfortunately, they do not represent the same thing. 

Host of the published work Is concerned with the deposition rate on 
processing factors such as the reactor geometry, discharge mode, frequency and 

power, gas pressure and flow rate of the organic compound and carrier gas. If 

any. While high deposition rates result from the Imposition of a magnetic 
field (Horosoff et al. 1978), pulsed discharges reduce the rate of polymer 
formation considerably (Yasuda and Hsu, 1977). Both Yasuda (1978) and Boenlg 
(1982) have well summarized the effect of these external parameters on film 
deposition. 

Diagnostics of polymerizing plasma was reported by Nllnoml and Yanaglhara 
(1979), Yanaglhara et al. (1981), and Yanaglhara and Nllnoml (1983) who 
measured T e , n e and f(E) for an rf plasma sustained In an Ar/CgHg mixture 
using heated probes. Under conditions of good quality film deposition, 
they found that f(E) Is non-Maxwell Ian (fig. 43). Unlike In pure Ar or 

vapor the value of n e decreased by four decades when a small amount 

of CfcHe (100 to 200 SCCM) was added to the Ar plasma; however, n e Increased 
by three decades with Increasing benzene flow rate (fig. 44). The electron 
temperature (fig. 45 ) showed a similar flow rate dependency to that of n e , 
although not on a logarithmic scale. The reaction conditions which deposited 
good quality polymer film usually corresponded to a plateau region of low 
pressure (0.5 torr) and high benzene flow rate (500 SCCM) and n e and T e 
values of 2 .25x1 0 9 cm - 3 and 4.25xl0 4 K, respectively. The reaction 
conditions for the lowest value of n e and T e corresponded to those produc- 
ing a lot of powder. 

Nllnoml and Yanaglhara (1979) monitored the concentration of positive 
Ions and neutrals under the above conditions. The mass spectrum of the posi- 
tive plasma Ions exhibited almost the same trends as the mass spectrum of 
neutral species present In the plasma (fig. 46) and the pyrolysis mass 
spectrum of plasma-polymerized benzene reported by Venugopalan et al . (1980). 
Principal plasma Ions assigned from the observed m/e values are listed In 
table VI. Although the mechanism of the formation of the observed Ionic 
• species Is uncertain, the formula of C 7 to C -|2 oligomers (the second 
column, coded as 1st additives) can be made up by simply adding C&Hg to 
corresponding fragment formula, which was found In abundance In the plasma, 
e.g., 

C 6 H 5 + + C 6 H 6 + c 12 h 11 + 
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For oligomers of C-j 3 to Ct q as seen the third column, a similar Ion- 
molecule reaction mechanism appears to be valid. For the higher homologs, 
however, hydrogen loss seems to occur for structural stabilization. Although 
Ion-molecule reactions play a role In plasma polymerization (In the gas 
phase), there Is no evidence that the mechanism of the formation of thin 
polymer film of a substrate Is the same as that occurs In the gas phase. 

Yanaglhara et al. (1982a, b) and Yanaglhara and Yasuda (1982) have applied 
similar diagnostic techniques to rf glow discharges In CH 4 , C 2 H 4 , CF 4 , 
and C 2 F 4 . 

In an rf discharge In methane Smollnsky and Vaslle (1973, 1975) and 
Vaslle and Smollnsky (1973, 1975) found that polymer deposits were formed more 
rapidly on the electrodes than on the walls and they detected a greater number 
of one and two carbon Ions, especially C 2 H 3 + , C 2 H 2 + , CH 3 + , CH 2 + , and CH + , In 
the dark space adjacent to the electrodes than In the space adjacent to the 
walls. Since the neutral C 2 H 4 and C 2 H 2 did not Influence the rate they 
concluded that Ions arriving on the surface are Important than neutrals In 
terms of the rate of polymerization. Following later works on extraction of 
positive Ions from rf plasma In C 2 H 4 (Smollnsky and Vaslle, 1976) and In 
C 2 H 2 (Vaslle and Smollnsky, 1977) they concluded that the polymerization 
In hydrocarbon plasmas Is propagated by positive Ions. This Is In agreement 
with the earlier work of Westwood (1971) and Thompson and Mayhan (1972), and 
the recent work of Khalt et al. (1980) which showed that the deposition rate 
on a biased electrode In the plasma Is nearly linearly proportional to the 
biasing voltage, Indicating that the nature of the deposition by poly- 
merization Is dependent upon Charge carriers. 

Inspektor et al. (1979, 1981) and Carml et al. (1981) have made a detail- 
ed analysis of microwave cavity plasmas of methane, propylene and their mix- 
tures with argon In which pyrocarbon Is deposited. They used three sampling 
and probe positions (fig. 39) which were located Immediately before the cavity 
(H), In the center of the cavity (G), and Immediately beyond the cavity (F). 

By using a double floating probe system (DEPS) they determined T e , n e , and 
n^ at these locations. With respect to position F, the addition of Ar to 
CH 4 Increased T e (fig. 47) suggesting that an "heating effect" was caused 
by Ar which Is a better heat conductor than CH 4 . Also at this position the 
values of n^ and n e In the plasma of Ar+CH 4 mixture were higher than the 
values for the CH 4 plasma alone. The saturation currents of the positive 
Ions on both probes and the electron current depslty Increased with Increasing 
Ar/CH 4 ratio and was attributed to the charge transfer reaction from Ar to 
CH 4 : 

Ar + + CH 4 ■* Ar + CH 4 + ; AH f = -2.78 eV; a = 2x10-15 cm2 
Ar + + CH 4 •* Ar + CH 3 + + H; AH f = -1.36 eV; a = 1 .04xl0“ 14 cm 2 

According to Inspektor et al. (1981) the values of n^ and n e In a 
•pure methane (no Ar added) Increased In going from position H to G, but de- 
creased at position F as pressure or power was Increased (figs. 48 to 49). 

This Is to be compared with the values of n^ and n e with added Ar shown In 
figure 50. By using three different techniques, viz., probe (DFPS), Stark 
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broadening and electric conductivity 1 5 at position G In Ar^He mixture 
Inspektor et al . (1981) found that the value of n e Increased with increasing 
pressure. They also noted that for a given pressure the value of n e depend- 
ed on the diagnostic technique and could be different by as much as an order 
of magnitude (table VII). In view of this the discrepancies between n^ and 
n e values In figures 48 to 50 were considered to originate from different 
diagnostic techniques and Ignored. It was concluded that the decrease of n^ 
and n e In going from position G to F was due to the formation of highly un- 
saturated hydrocarbon polymer Ions which are deposited on the walls and lose 
their charge. 

The results of mass spectrometrlc sampling of a propylene - argon plasma 
by Carml et al. (1981) Is shown In figure 51. Note the nearly linear decrease 
of [ C 3 H 6 ] along the reactor, l.e., the reaction time In the flowing plasma 
which Is representative of a first-order kinetics In the plasma. It was sug- 
gested that the reaction Is Initiated by Ionization of C 3 H 5 by either 
electrons, Ar + or metastable Ar: 


C 3 H 6 


e, Ar + , 


Ar 


- C 3 H 6 


Since C 3 H 6 Is always the species In great excess, the following propylene 
chain was proposed: 


. C H 

C 3 H 6 — ' ► C 6 H 1 0—6 


C 3 H 6 C H CA C H ( 
— C 9 H 14-9 — ••• C p H q 


Fragmentation of the C 3 H 6 + Ion to C 2 H 2 + rather than CH 4 + Is thermo- 
dynamically favored and supported by mass spectrometrlc data. Therefore, an 
acetylene chain was also proposed: 


Me . Me 
C 2 H 2 + - C 5 H 4-6 C r H s 


r > s 


Since ethylene Is produced In high concentration the following ethylene chain 
was also Included: 


C_H, C H 

CX li C 5 H 5 _ 8 3 J...C u H r u > r 


All three chain reactions were proposed to proceed In parallel and result In 
pyrocarbon deposits. 


15 If we assume that the current In the microwave plasma Is carried 
.mainly by electrons and consider only the dc‘ component of the electric field 
strength, E, the electron conductivity a e = ey e n e where o e Is In 
Q-lcnr 1 . The electron density Is directly evaluated from the measured 
electron current density J e by n e = (J e /E)ey e , where E Is In V 
cm - 1 and j e Is given In A cm -2 . 
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Inspektor et al . (1981) defined a degree of polymerization (P m ) as the 
normalized sum of peak Intensities I x of the high pyrocarbons, each multi- 
plied by Its carbon content x: 

P = (1/3) ExZl /I r „ x > 3 
in ^ 


The variation of P m with and without argon Is shown In figure 52 as a 
function of pressure. The polymerization Is higher In the afterglow (F) 
rather than In the foreglow (H) and Is decreased In the afterglow by an In- 
crease In pressure and/or the addition of argon. These results are consistent 
with the measured decreases In n e and n^ In the afterglow (fig. 50). 

Besides chain propagation by cationic species free radical polymerization 
mechanisms have been proposed. The basis for this Is the presence of unpaired 
spins which has been reported by a number of authors who studied ESR spectro- 
scopy of the plasma-polymerized films. If we assume that the trapped radicals 
In the films are related to the free radicals produced In the plasma It Is 
easily recognized that free radical concentrations In the plasma are 10 3 to 
10 5 higher than the Ion concentrations. Further, Horosoff et al. (1976) 
have observed higher radical concentrations at the surfaces of polymers expos- 
ed to a plasma. Surface free radicals are known to react with gas-phase free 
radicals and unsaturated molecules such as ethylene and propylene. Since 
these evidences are not derived directly from the analysis of glow discharge 
we shall simply refer the reader to articles In which Bell (1976, 1980) 
relates the rate at which polymer Is formed with the experimentally controlled 
variables In glow discharge polymerization using free radicals as the primary 
species propagating chain growth, both In the gas phase and on the surface of 
the deposited polymer. Vinogradov et al. (1981) has discussed an "activation 
growth model" for the formation of (CH x ) n polymer In CH 4 discharges taking 
the radicals as building blocks while the charged particles promote the 
activation of the surface sites for the growing polymer film. The exact 
polymer deposition mechanism can only be delineated by experiments yet to be 
performed, In which either the Ions or the radicals formed can be Isolated 
from the substrate surface where deposition takes place. 

Both saturated and unsaturated fluorocarbons deposit fluorine-containing 
films In glow discharges. The general conclusion from ESCA analysis of 
numerous deposits Is that plasma species from saturated fluorine compounds 
react mostly with the surface creating a somewhat permanently attached 
fluorlnated layer. Unsaturated fluorocarbons, on the other hand, readily 
polymerize In a glow discharge, the main result being deposition of polymeric 
materials and not their grafting. Both neutral and Ionic species have been 
monitored by Kay et al. (1976) and by Vaslle and Smollnsky (1977) using in 
situ mass spectrometrlc analysis of C 2 F 4 glow discharges. In contrast to 
hydrocarbon systems, particularly C 2 H 4 , C 2 F 4 discharges produced a 
high yield of gaseous products as well as polymer deposits. Further, the 
Intensities of the signals relating to unsaturated species are directly relat- 
ed to the polymer deposition rate (fig. 53). Hillard and Kay (1982) have 
determined that the polymerization rate In a C 3 F 8 plasma Is related to the 
Intensity of the CF 2 band (265 nm) (fig. 54). Since the presence of 
( CF 2 ) n species was observed In the effluents of plasmas excited In several 
different fluorocarbons and their gas phase concentration was directly related 
to the deposition rate, Kay et al . (1978, 1980) and Kay and Dllks (1979, 1981) 
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proposed that oligomerization of CF2 may occur to form C2F4, C3F5, 

C 4 F 8 , etc. Evidently the primary precursors to polymerization have the 
general formula ( CF 2 ) n which may Include both cyclic alkanes and mono- 
olefins. Since the deposited film has F/C < 2, the plasma species such as 
photons, Ions and metastables must Interact with the polymer to eliminate F 
and even small fragments by ablation. 

Gramarossa et al . (1983), d'Agostlno (1983) and d'Agostlno et al . (1982, 
1983) have used actlnometrlc emission spectroscopy and mass spectrometry to 
analyze rf discharges In several fluorocarbons and their mixtures with H 2 or 
02 , the latter because of their usefulness In plasma etching. They related 
emission Intensities of both Ar and N 2 actlnometers to the electron exci- 
tation functions f(n e ), a function of the electron densities n e at 
energies E > Eth (where Eth Is 11.5 and 13.7 eV for N 2 and Ar, respec- 
tively). Table VIII gives the normalized value of f(n e ), the measured 
radical densities and polymer deposition rates. They explained the poly- 
merization process on the basis of a mechanism which Involves CF and CF 2 
radicals as building blocks as well as an activation of the polymer surface by 
means of charged particle bombardment. 

The deposition processes occurring In a fluorocarbon plasma are criti- 
cally dependent upon the effective F/C ratio, low ratios (< 2 to 3 depending 
on the bias) favoring polymerization and high ratios (> 2 to 3 depending on 
the bias) favoring etching. Kay et al. (1978) and Kay and Dllks (1979) have 
combined the processes of etching and polymerization for producing metal 
containing fluorocarbon polymer deposits. The films were prepared using a 
mixture of argon and perf luoropropane (C 3 F 3 ) In a capacltlvely coupled 
diode reactor In which the substrate was mounted on the grounded electrode. 
Germanium, molybdenum and copper were used for the rf powered electrode which 
at 13.65 MHz attained an overall negative potential due to the greater 
mobility of the electrons than the Ions In the plasma and functioned as the 
cathode. Therefore, the positive Ions arrive at the cathode with Increased 
kinetic energy and cathode material Is removed from Its surface by competitive 
physical sputtering In which momentum transfer to the surface Is Involved, as 
well as, chemical plasma etching through the formation of volatile species 
which subsequently desorb and enter the gas phase. However, copper Is a 
typical example of a material which forms nonvolatile fluorides, therefore, In 
this case material can be removed only by physical sputtering. Indeed, mass 
spectra of the plasma effluents showed that the relative concentration of 
(CF 2 ) n In the gas phase Is directly proportional to the polymer deposition 
rate which Is In the decreasing order Ge > Mo » Cu. This order also reflects 
the efficiencies of the cathode etching process to lower the F/C ratio In the 
plasma and, thus, Increase the concentration of unsaturated species and there- 
fore the polymerization rate. 

Recently, Kay and Hecq (1983) have used both mass spectrometry and 
optical emission for the diagnostics of a C 3 F 8 /A 11 system In which the 
deposition rate was simultaneously measured by a quartz crystal microbalance 
<as a function of different Ar/C 3 Fg mixtures. Their data (shown In fig. 

55 ) Indicates that the deposition rate Is nearly constant up to CF 3 + / 

Ar + < 2xl0 -4 . Also, the normalized Au optical emission Intensity paral- 
leled the deposition rate curve. However, the CF 2 emission starts when the 
deposition rate drops suggesting that the decrease In gold deposition Is due 
to the onset of polymer formation on the Au cathode. 
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Plasma-activated chemical deposition . - Films have been deposited by 
Initiating chemical reactions In a gas with an electrical discharge. The 
technique Is often referred to as plasma-activated (or plasma-assisted) 
chemical vapor deposition (PCVD). Such films are typically the carbides, 
nitrides, oxides and oxynitrides of elements such as A1 , B, Ge, SI, and TV. 
Empirical descriptions of processes and properties of films are to be found In 
articles by Kirk (1974), Hollahan and Rosier (1978), Rand (1979), Relnberg 
(1979), Veprek (1980), Ojha (1982) and Bonlfleld (1982). Table IX Is a 
representative, but not all-inclusive, list of the films produced and the 
starting materials used In rf/mlcrowave discharges. The cited references are 
also good sources of Information on the correlation between deposition and 
properties of the films and the macrovarlables of the glow discharges. 
Practically none of these glow discharges have been analyzed for understanding 
the mechanisms of film deposition. 

There have been few diagnostic Investigations of glow discharges used In 
PCVD work. For example, Haque et al. (1975) used In situ mass spectrometry to 
study chemical transport In a carbon deposition system Involving CO and CO 2 , 
Veprek et al. (1975) used matrix-isolation spectroscopy to study a carbon 
deposition system of hydrocarbons, Yoshlhara et al. (1981) made a mass spec- 
tral analysis of a SIH 4 /CH 4 system used for SIC deposition, and Ron et al. 
(1983) applied ESR spectroscopy to conclude that a radical mechanism governs 
the dissociation of SI C 1 4 and NH 3 In the formation of SI 3 N 4 . Based on 
such limited studies PCVD processes have been described thus far as chemical 
vapor deposition by free radicals produced In the glow discharge. Clearly, 
for each of the systems listed In table IX Investigations are badly needed to 
elucidate the role of the glow discharge electrons, Ions, photons, and other 
excited species In the deposition process. 


Proposed Models 

The heterogeneous reactions such as borldlng, carburizing and nitriding 
of the respective atoms, molecules, or Ions with metal surfaces are mainly 
exothermic. This Is substantiated by Samsonov and Vlnltskll's (1980) data for 
the Gibbs energy change (AG), which are collated In table X. The compu- 
tations, however, assume that the boron, nitrogen, and carbon were supplied as 
atoms to the metal surface. In a glow discharge, the dissociation of B 2 H 5 
or BC 13 , N 2 or NH 3 , or hydrocarbon gases to B, N or C atoms, respectively, 
takes place with a certain degree of atomization or Ionization, both being 
functions of the macro and micro variables of the plasma. From the 
thermodynamic point of view, the Interaction between atoms and/or Ions with 
the metal surface results In chemical compounds, the extent of their depo- 
sition, that Is, thickness beneath the surface, being diffusion-controlled. 
Figure 56 shows the various chemical compounds, such as oxides, borides, 
carbides and slllcldes, which were detected on 440-C steels by Bralnard and 
Wheeler (1978) using the XPS technique. The 440-C steels were preoxidized to 
form a Spinel Interface (Fe0-Fe 2 0 3 ) on which Mo 2 B 5 , Mo 2 C and MoS1 2 were 
■deposited by rf sputtering. A review of the literature, for example, the 
papers by Avnl (1984), Mattox (1982), Thornton (1982), etc., however. Indi- 
cates that not enough data are available to conclude that the adherence of a 
deposited film on a surface Is controlled by a chemical bond rather than a van 
der Waals bond. 
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Film deposition In a glow discharge system Is a dynamic, Irreversible, 
kinetic process which begins with homogeneous reactions In both plasma bulk 
(PB) and layer (PL) and terminates through heterogeneous reactions In the 
neutralization layer (NL). Table XI lists the various kinetic processes lead- 
ing to the formation of the coating films. The rate-determining step In this 
dynamic deposition process Is probably controlled by the heterogeneous plasma 
surface Interactions (PSI). Before describing the various kinetic models It 
Is worthwhile to emphasize the Irreversibility of the process, that Is to say, 
a solid product Is obtained from a gas monomer supplied to the plasma. 

Consider the plasma process In which solid ycSI Is deposited on a sub- 
strate from the monomer of tetrachlorosl lane vapor: 

Plasma 

S1Cl 4 (g) + Ar + H 2 ► ycS1:H:Cl(2) + HCl(g) + Ar 

Two main processes may contribute to the reversibility of the reaction, viz., 

the formation of tetrachlorosllane gas from solid microcrystalline silicon: 

(I) Sputtering of SI atoms or clusters by Ar + bombardment; 

(II) Plasma etching by hydrogen and chlorine, releasing chlorosllane back 
to the PL. 

The calculated and measured values of fluxes and rates of sputtering, etching 

and deposition are given In table XII for Ar + , Cl 2 and F 2 . The rate of 

ycSI deposition Is higher bymore than one order of magnitude of the combined 
rates of sputtering and chemical etching. This has been taken as evidence of 
a low probability for reversible reactions at pressures above 0.5 torr In an 
rf discharge. 

Tlbblt et al. (1977) have proposed reinitiation processes based on 
earlier models by Denaro et al. (1968) and Poll et al. (1976), In which the 
electrons, radiation and Ion fluxes of the plasjna reactivate the deposited 
polymer to form active radicals on the surface which, In turn, may react with 
the Incoming gas particles, such as fresh monomer. Its fragments or polymeriz- 
ed molecules. These reactions release what Poll et al. (1976) termed "non- 
reactlve reaction products," such as H 2 , Cl 2 , etc. In these reinitiation 
processes the Irreversibility described above Is still maintained. 

Denaro et al . (1968, 1969, 1970), Poll et al. (1976), Lam et al. (1976) 
and Tlbbltt et al. (1977) have proposed theoretical models for evaluating the 
deposition rate In plasma polymerization processes. Bell (1980) has reviewed 
these models which are based on the following observations and assumptions: 

(1) The propagation of homogeneous and heterogeneous polymerization Is 
promoted mainly by radical reactions which are listed In table XIII. 

> (2) The rate of polymer deposition Is expressed In terms of the rate of 

monomer consumed. 

(3) The extent of gas phase termination In the plasma system Is very 
small and essentially all of the radicals formed In the plasma state are 
adsorbed on the deposited polymer surface. 
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(4) The concentrations of adsorbed monomer and free radicals are pro- 
portional to the gas phase concentrations of these species. 

(5) The rate of hydrogen atoms formed (hydrocarbon systems) Is equiva- 
lent to the rate of free radicals produced. 


Tlbblts et al. (1977) gave the following analytical expression for the 
polymer deposition rate, dG/dt: 

(dG/dt) = [2ca/(a-b)][M g ]§[(l - exp [-(a + b)t])/exp [(a + b)x]] (62) 


With reference to table XIII, we write 


a = k^te] = k-j [e] = K 2 [e] = k 4 [fe] = 2.1xl0 -2 s -1 ; 


c = 


b = ( 2/L) k a ; k a = k 8 [S] = 7.5 x 10 -3 cm s -1 ; 

(L/ 2 )(kng + kp S ); kp S = k] o^R = £ 10 cm^ s !; 

k na = kc = k fi = 3.5 x 10-18 cm 3 S -1 ; 


t = V/Q, where V Is the plasma volume, Q Is the flow rate, and L Is the 
Inter-electrode separation. The quality of the fit of equation (62) to 
experimental data Is shown In figure 57 for a number of hydrocarbons. Since 
the calculated values agree very well with the experimental results, a 
discussion of the assumptions In arriving at equation (62) Is given below. 


Homogeneous and heterogeneous propagation . - Two types of reactions, 
viz., positive Ion - molecule reactions and radical - molecule reactions have 
been discussed In connection with mechanisms In plasma systems of flowing 
gases. Which of these Is rate-determining In homogeneous and heterogeneous 
processes In a given plasma system has not yet been delineated. 

Avnl (1984) and Avnl et al. (1983) have Introduced the concept according 
to which free radicals, positive and negative Ions are formed continuously 
along Z In the plasma as a result of the Interactions of the monomer gas 
with energetic electrons of the plasma. Therefore, the concentration per unit 
volume (cm -3 ) of free radicals, np, positive Ions, n^, and negative Ions, njj, 
and their spatial gradients are variables which must be considered In the 
kinetics of the reactions with monomer molecules. Other variables controlling 
the kinetics Is the reactivity of the radicals and Ions, l.e., the cross sec- 
tions or, oj , and ofj of these reactions. The probability P of a 
reaction Is the product of n and a In a given location Z along the 
plasma. It follows that. If 

n^ x op > n^ x or^ , then Pr > P^ (63) 

U 

l.e., the probability of radical - molecule Interactions Is higher than the 
probability of Ion-molecule reactions. Conversely, 

n-j x > hp x or, then P^ > Pr (64) 

Bell (1980) has suggested a value of 10 -18 cm 3 molecule - ! s - ! 
for the rate constant for radical - monomer Interactions, such as reactions 
(5) and (6) In table XIII. According to Chatham et al. (1983) Ion-molecule 
charge transfer reaction rates are typically of the order of 10 - ! 8 -10 - ! 2 
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cm 3 molecule -1 s -1 . Thus, for concentrations nR = 10 3 ni, Pi > Pr. Avnl 
et al. (1983, 1984) have shown that for the polymerization of hydrocarbons 
Pa > P R In rf plasmas with Ar, while P R > Pi In rf plasmas without Ar. 

The same type of behavior was reported by Avnl et al . (1983, 1984) for SI Cl 4 + 
Ar (Pi > Pr) and for SICI 4 + H 2 + Ar (P R > Pi) rf plasma systems. 

Thus, depending on the plasma system either P R > Pi or Pi > Pr can be 
selected and controlled. Such a selection, however, Is not feasible for the 
theoretical condition where Pr = Pi* 

Deposition Rate Expressed as the Rate of Monomer Consumed . - This as- 
sumption has been Investigated by Avnl et al . (1983, 1984) using mass spectr- 
ometrlc sampling at different locations along the plasma. An overall reaction 
rate, k 0 , for the dissociation of the monomer (M), I H /zl , and the for- 
mation of products was evaluated from data such as those shown In figure 51 
for a C 3 H 6 + Ar plasma and In figure 58 for a SICI 4 + Ar plasma with 
and without H?. Because of the large excess of monomer In plasma chemical 
reactions of the type 


M + s( + ) ( *) -* Products 

where s( + M*) Is some species In the plasma (Ion or radical), were 
considered to be pseudo-first-order In M and S. Since at all positions (H, G, 
and F In fig. 39 ) In the plasma steady-state conditions exist and the flow 
velocities between H and G and G and F are known, the conventional kinetic 
equation applies: 



at G 

d 


at H 


In (I H /ZI) 


Vo 


(65) 


Therefore, the value of k 0 could be evaluated from the slope of the plot 
of I^/El versus sampling position shown In figures 51 and 58, and the 
values of t 0 for the distances H-G and G-F at a given flow rate and 
pressure. Table XIV lists the calculated values of k 0 for the dissoci- 
ation of C 3 H 5 , SIH 4 and SICI 4 . 

Avnl et al. (1983) used a different model for species S which were 
short-lived In the plasma. This allowed the calculation of a local rate 
constant, k L , using the equation: 


kLT|_P = ln(I/El) 


( 66 ) 


where 

tl Ion or radical residence time 
P reactant partial pressure. 

The Ionic residence time was evaluated by using Its mobility and the Langevln 
relationship, while the radical residence time was found from Its velocity and 
collision frequency. By making use of equations (65) and ( 66 ) the monomer 
consumption In the plasma, dM/dt, could be calculated and related to the 
polymer deposition rate, dG/dt. Representative data are given In table XV for 
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ycSI , SI 3 N 4 , PyC, FeB, and SIC as the ratio v e ff/v In different rf 
plasmas. The constancy of this ratio for different plasmas at different 
operating conditions verifies the assumption and allows dM/dt to be cor- 
related with dG/dt. 

Equation (17) gives the rate of Ionization and excitation in the plasma 
layer (PL). When compared with phenomena In the plasma bulk (PB) there are 
strongly enhanced rates of excitation and Ionization (fig. 15) In the PL due 
to the secondary electrons (HEEB). The flux of HEEB, j es , Is given by Khalt 
et al. (1980) as 

Jes = T(c 1 s )Ji s = (l/4)ya 1 nu 1 (67) 

where 

coefficient of emission of electrons from the target surface 
Ion flux and energy, respectively, bombarding a substrate 
surface 

mean velocity of the Ions 

monomer particle concentration In the plasma (cm-3) 
degree of Ionization In the plasma. 

By Introducing equation (67) Into equation (17), Khalt et al. (1980) showed 
that 


Y 

Jls and c \ s 

U 1 

n 

ai (= n^/n) 


dn^*/dt = vns(l + [ba^u^/7o es ]) ( 68 ) 

Here b Is the electron trajectory due to elastic and Inelastic collisions, 
given by equation ( 22 ), and v Is a characteristic velocity of the resulting 
Ionization or excitation rate, dn^ In the PL, given by 

v = ( 1 /4 ) qps ( c es ) a 1 ( P » E )y( c ^ 5 , T$)u^(Tg,P,E) (69) 

with cr^ and a es the cross sections for Ionization and electron-neutral 
collisions, respectively, T s and Tg the substrate and plasma tempera- 
tures, respectively, P the total gas pressure and E the electric field 
strength In the sheath. 

In the following discussion of closed (nonflowing gases) and open 
(flowing gases) systems the PL Is considered to govern both the polymerization 
(hydrocarbons, chlorosllanes, etc.) and deposition rates. 

Deposition Rate In Closed Plasma System . - These systems have been 
discussed by Poll et al. (1976). Nonflowing gases are characterized by 
Vf = 0 or Q = 0. Following Khalt et al. (1980) we consider AL, the 
length of PL (fig. 13). Let AtR be the time Interval In which n 0 ( the 
quantity of monomer material In the gas mixture to be polymerized, l.e., 
n 0 = n M/ n m 1 x) at t = 0 Is transformed after polymerization to a final 
•nf, and S 0 , the PL cross section. Is transformed Into Sq, the cross 
section of the substrate where deposition occurs (after the time Interval, 

AtR). At any time t, the fraction 6 n m ( t ) of material particles 
deposited can be expressed as: 

t 

«n m (t) = (l/m 0 ) / (dG/dt)dt (70) 
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where m 0 Is the mass material deposited on the substrate. If we assume 
that only a fraction a < 1 of monomer Is excited, Ionized and polymerized 
by c es , then the rate of deposition dG/dt Is: 

(dG/dt) v ^ =0 = m Q a jdn* (+) /dtJ (71) 

By applying equations (68) and (69) for PL we get: 

(dG/dt) - (l/^V^s^inu^; (72) 

According to Poll et al. (1976) at Vf = 0 or Q = 0 the relative 
concentration of monomer decreases with time according to: 

nf (t) = n 0 exp(-t/at R ) (73) 

The time Interval for deposition, At R , Is given by 

At R = AL/Va (74) 

where v Is the characteristic velocity of the resulting Ionization, exci- 
tation, and/or polymerization. Thus, 

( dG/dt) V ^_Q = [n m (0)/At R ] m 0 exp(-t/At R ) (75) 

It follows that the rate of deposition In a plasma system with nonflowing 
gases decreases exponentially with the duration of operation. As the data In 
table XV Indicates this result can be applied to the consumption rate of the 
monomer, (dM/dt)Vf=0. Kolzllk (1974), Poll et al. (1976) and Luhlelch et 
al. (1977) have confirmed experimentally the exponential decay of dG/dt In a 
plasma with nonflowing gases (closed system). 

Deposition Rate In Open Plasma Systems . - With Vf > 0, At R Is the 
time Interval In which n 0 -» nf, S 0 -* Sq and the flow veloci- 
ty vf -* Vf'. At steady state: 

( l/m 0 ) dG/dt + [n m ( 0) - nJ/At R = 0 (76) 

and the rate of deposition Is: 

dG/dt = [m 0 n m /At R ](3q,( v) (77) 

where (3 = S 0 /Sq Is a geometric factor and ^(v) an efficiency 
coefficient of excitation. Ionization and polymerization of particles having 
flow velocity Vf ' . 

In the PL with HEEB Interaction: 

At R /B = AL/BaV (78) 

where v Is again the characteristic velocity of the resulting dnf or 
polymerization In the PL. The coefficient y(v) behaves such that at 
velocity Vf=0, (v) = 1, representing the maximum Ionization, 
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excitation or polymerization and deposition rate. As Vf -» <», «|»(v) •* 0 
l.e., 

i|»(v/v) = 1 - exp (-va(l/Vf) (79) 

Under these conditions the rate of deposition Is given by 

dG/dt = m o n f (dn*/dt) v ^,AV PL v eff (80) 


where 

AV plasma layer volume 

v eff In dimensions of velocity Includes the coefficients a, fl, and 
»tf(v/v): 


V e ff = aB«lr(v/v)VfV/[aViJ/(v/v)8] + Vf (81) 

Equation (81) cannot be solved analytically. It can be numerically evaluated 
as follows: 

The experimental efficiency of deposition Is the ratio between the 
deposition rate and the rate of monomer consumption, that Is, 

[( dG/dt )/( dM/dt ) ] PL = v’eff/vf (82) 

Table XV gives the ratios of ‘V e ff/Vf as evaluated from experimental 
values of dG/dt and monomer consumptl on, dM/dt. For the various rf plasmas 
listed In table XV the ratio v e ff/vf varies between 0.34 for a 
borldatlon process to 0.48 for the pyrocarbon deposition from C 3 H 6 +_Ar 
plasma. Depending on the flow velocity, Vf, the effective velocity, v e ff, 
can be selected for optimizing the rates of deposition and monomer 
consumption. Figures 59 to 61 show the experimental values of dG/dt and the 
calculated values for v e ff/Vf = 0.46 In the pyrocarbon deposition from 
mixtures of propylene and argon In an rf plasma. The agreement between the 
predicted and measured values suggested the validity of the theoretical model 
of Khalt et al. (1980) for flow systems. > 


CONCLUDING REMARKS 

The understanding of film deposition processes In plasma systems Is still 
in Its Infancy. The deposition "models' 1 described In the preceding section 
have a phenomenologically qualitative character. There Is Insufficient Infor- 
mation on plasma surface Interactions (PSI) chiefly due to the fact that few 
experiments have been done with known fluxes of radicals on well-defined sur- 
faces and little Is known about synergetic effects In plasmas. To remedy this 
situation basic research In the following areas Is needed: 

(I) Recombination reactions at a surface where radicals recombine to 
form stable molecules. 

(II) Synergetic effects where photon, electron and Ion bombardment change 
the reactivity of the Incident radical with the surface. 
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(Ill) Adsorption characteristics of the Incident species as a function of 
surface coverage and plasma conditions, such as electrical variables, bias 
voltages on the substrate, and partial pressure. 

(1v) Measurements of the rate of conversion of reactants to products on a 
surface. 

(v) The growth mechanism In the case of polymer deposition. 

It would be most desirable to perform well-defined surface experiments 
Inside a plasma system. At present this seems to be very difficult If not 
Impossible. A step In the right direction would be to apply both In-sltu and 
off-line techniques. For example, an Insight to the PSI can be obtained by 
In-sltu measurements of the plasma layer (table XI). Optical spectroscopy 
such as emission, adsorption, laser-induced fluorescence, laser optogalvanlc 
effect and laser Induced Raman effect can analyze the particles' flux gradients 
to the surface and monitor those sputtered away and/or etched from the surface. 
The Information gained would be the reaction rates of excitation. Ionization, 
dissociation, formation of polymeric species and clusters. Off-line measure- 
ments of the deposited films by techniques such as Auger, LEED, UPS, XPS, SIMS 
Infrared and Raman spectroscopy, and EPR will supply data on surface coverage, 
sticking coefficients, nucleatlon, chemical bondings, and rates of diffusion 
and segregation. The correlation between the "In-sltu" and the "off-line" 
measurements could form the basis for developing appropriate theoretical 
models on the film deposition processes In glow discharges. 
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TABLE I. - SPUTTERING YIELDS FOR ARGON ION BOMBARDMENT 
AT VARIOUS ENERGIES 3 


Threshold, 

eV 

ARVeV 

60 

100 

200 

300 

600 

Ag 

15 

0.22 

0.63 

1.58 

2.20 

3.40 

A1 

13 


.11 

.35 

.65 

1 .24 

Au 

20 


.32 

1.07 

1.65 

2.43 

Be 

15 


.074 

.18 

.29 

.80 

Cr 

22 


.30 

.67 

.87 

1.30 

Cu 

17 

.10 

.48 

1.10 

1.59 

2.30 

Fe 

20 

.064 

.20 

.53 

.76 

1.26 

Ge 

25 


.22 

.50 

.74 


Mo 

24 

.027 

.13 

.40 

.58 

.93 

Nb 

25 

.017 

.068 

.25 

.40 

.65 

N1 

21 

.067 

.28 

.66 

.95 

1.52 

Pd 

20 


.42 

1.00 

1.41 

2.39 

Pt 

25 

.032 

.20 

.63 

.95 

1.56 

Re 

35 


.10 

.37 

.56 

.91 

SI 



.07 

.18 

.31 

.53 

Ta 

26 

.01 

.10 

.28 

.41 

.62 

T1 

20 


.081 

.22 

.33 

.58 

V 

23 

.03 

.11 

.31 

.41 

.70 

w 

33 

.008 

.068 

.29 

.40 

.62 

Zr 

22 

.027 

.12 

.28 

.41 

.75 


a The yield S Is given as S/(l + y) , where y Is the secondary 
electron emission coefficient. Data collated from N. Laegreld 
and G. K. Wehner, 3. Appl . Phys. 32. 365(1961) and R. V. Stuart 
and G. K. Wehner. J. Appl. Phys. 33, 2345(1962). by permission 
of the American Institute of Physics. 


TABLE II. - IONIZATION DEGREE AND POLYMER- 
IZATION DEGREE IN A 1 6 vol % + Ar rf 

PLASMA BULK AND IN PLASMA LAYER 
(GRAPHITE SUBSTRATE ) 3,11 



Pressure 1 to f 

torr 

Power 150 W at 13.56 MHz 


Plasma Bulk 

Plasma Layer 

r\\/n 

3xI0 - 5 

5x1 0 -3 

n poly/ n 

2x1 O ' 1 

>8x1 O ' 1 


a From A. Inspektor, U. Carml, R. Avnl 
and H. Nickel. Plasma Chem. Plasma 
Process. ]_, 377(1981), by permission 
of Plenum Publishing Corporation. 

Measurements made In position F with 
respect to figure 39, 1.e. f a position 
Immediately beyond the plasma, n Is 
the concentration of C 3 H 6 In the 
gas mixture. 







TABLE III. - SPECTRA OBSERVED IN GLOW DISCHARGE 3 


Particle 

Degree of freedom 

Type of spectrum 

Spectral region 

Atom or Ion 

Electronic excitation 

Line 

uv-vlslble-lr 


Ionization 

Continuum 

uv-vlslble-lr 


Translation 

Line profiles 


Electrons 

Recombination 

Continuum 

uv-vlslble 


Free-free transitions 

Continuum 

1 r 

Molecules 

Rotation 

Line 

Far 1 r 


Vibration-rotation 

Band 

1 r 


Electronic exlctatlon 

Band systems 

uv-vlslble-lr 


a From Cabannes F. # and Chapelle, J. (1971). In. “Reactions Under 
Plasma Conditions" (M. Venugopalan, ed.). Vol. I, pp. 367 to 469. 
Wlley-Intersclence, New York. 


TABLE IV. - ELECTRON TEMPERATURE ( T 0 ) , POSITIVE ION DENSITY (n^), AND 
DEGREE OF IONIZATION AT TWO RADIOFREQUENCIES 3 
[After Grossman et al. t 1982.] 


p/mbar 

Te 

/eV 

n^xlO' 11 cm -3 

Degree of Ionization x 10 4 


0.4 MHZ 

27.12 MHz 

0.4 MHz 

27.12 MHz 

0.4 MHz 

27.12 MHz 

0.5 

4.48 

4.74 

0.5 

3.7 

0.10 

0.80 

1 .0 

5.17 

5.43 

0.8 

7.0 

.09 

.73 

3.0 

5.00 

4.48 

1.0 

9.8 

.03 

.34 

5.0 

3.10 

2.58 

1.5 

10.7 

.03 

.22 


a Gas mixture Ar+10 vol % H 2 ; substrate In the center of the glow; current 
In the rf coll 12A (0.4 MHz) and 4A (27.12 MHz). 




TABLE V. - ELECTRONIC TRANSITIONS OBSERVED IN THE EMISSION SPECTRA OF 
OF NITRIDING (rf) PLASMAS 
[After Matsumoto and Kanzakl, 1983.] 










TABLE VI. - POSITIVE IONS FROM AN rf PLASMA IN Ar/C^ UNDER CONDITIONS 

OF GOOD FILM DEPOSITION 
[After Nllnoml and Yanaglhara (1978).] 


Frag- 

ment 



Oligomer 

Ions 




1 st additives 

2 nd 

3rd 

4th 

5th 

6 th 



c 1 3 h 12 + 



c 3 1 h 22 * 

C 37 H 3 4* 

ch 2 * 

c 7 h 8 * 

C 1 3H 14 t 


C 25 H 19 + 




WO* 







c 8 h 7 » 





c 3 sh 3 6 * 

C2«2* 

C 8 H 8 * 

c 14 h 14 * 





C2H 3 + 

c 8 h 9 + 

Ci4Hi5 f 


C26H25* 





c 14 h 16 + 



c 3 3 H 2 3 t 

c 3 9 h 31 * 

c 3 h 2 * 

c 9 h 8 + 

c 15 h 14* 

c 21 h 18* 




C 3 H 3 + 

C 9 H 9 * 

c 16 h 10* 

c 21 h 21 + 




c 4 h 2 + 


Cl 6 Hl2* 





c 4 h 3 + 

c 10 h 9* 

Cl 6 Hl5* 

c 22 h 20 * 

c 28 h 20 + 



C 4 H 4 + 


^17^8* 

C 23 Hl6* 


c 3 5 h 2 3 + 


CsHj* 



C 23 H 18 * 




C 5 «4* 

CllHlO* 

C17H16* 

c 23 h 2 i * 

c 29 h 29* 

c 3 6 h 24 + 


c 6 h 3 + 


Cl 0 Hl5* 

c 24 h 1 5 + 




C6»4 + 


C78H16* 

C 24 H 24 * 




c 6 h 5 + 

c 12 h 11 * 

C 18 H 17* 


c 30 h 29 + 



C6H6 + 







C6«7 + 









TABLE VII. 


- ELECTRON DENSITY IN AN Ar + PLASMA 

MEASURED BY DIFFERENT METHOOS a,b 


Pressure 

torr 

neXlO-^cm -3 

DFPS 

a e 

Stark broadening 

Ho 

H n=l 1 

1 

2.4 

1.5 

15.0 

4.2 

3 

3.5 

3.0 

17.8 

5.6 

5 

4.5 

3.7 

20.5 

8.0 

7 

7.8 

6.1 

23.2 

- 

11 

10.5 

91.4 

30.3 

- 


a From A. Inspektor, U. Carml, R. Avnl and H. 

Nickel, Plasma Chem. Plasma Process. 1, 377(1981), 
by permission of Plenum Publishing Corporation. 
^Measurements made In Position G (fig. 39); Power = 
100 W; Ar/C 3 H 6 = 3. 


TABLE VIII. - NORMALIZED VALUES OF ELECTRON 
EXCITATION FUNCTIONS f(n g ), RADICAL DEN- 
SITIES, AND POLYMER DEPOSITION RATES, 
r p (g enf 2 m1n _1 ). IN PURE C 2 F 4 AND 

IN IN MIXTURES OF C F , + 20 % 
n 2n+2 

OF ADDITIVES 

[After R. d'Agostlno et al.. 1983.] 


Feed 

f(n e ) 

CF 

cf 2 

r P 

CF 4 -H 2 

1.0 

0.13 

0.004 

1.3 

cf 4 -c 2 f 4 

.41 

.20 

.20 

1.2 

c 2 f 6 -h 2 

.45 

.10 

.20 

2.9 

c 3 f 8 -h 2 

.20 

.08 

.05 

2.1 

c 2 f 4 

.06 

1.0 

1.0 

.9 





TABLE IX. - INORGANIC FILMS OEPOSITEO BY PCVD TECHNIQUE 


Film 

Reactants 

Reference 

A. Carbides 



GeC 

GeH 4 /CH 4 

Anderson and Spear (1977) 

SIC 

SIH4/CH4 

Stirling and Swan (1965) 
Catherine and Turban (1977) 


S1H 4 /C 2 H 4 

LeContellec et al. (1979) 
Anderson and Spear (1977) 
Catherine and Turban (1979) 


sih 4 /c 2 h 2 

Engemann et al . (1978) 


sih 4 /cf 4 

Hollahan and Rosier (1978) 


S1(CH 3 ) 4 /H 2 

Yoshlhara et al . (1981 ) 


S1(CH 3 ) 4 /H 2 /Ar 

Katz et al. (1979, 1980) 


S1C1 2 (CH 3 ) 2 /H 2 /Ar 

Katz et al. (1979, 1980) 

TIC 

TICWCpHp/Hp/Ar 

Hazelwood (1978) 

B. Nitrides 
AIN 

Al/N 2 

Lewlckl and Mead (1971) 
Sokolowskl et al. (1977) 


ai/n 2 /ci 2 

aici 3 /n 2 

Veprek et al. (1971) 
Arnold et al. (1976) 
Bauer et al. (1977) 

BN 

b/n 2 /h 2 

Sokolowskl et al . (1981) 


b 2 h 6 /h 2 /nh 3 

Hyder and Yep (1976) 


BBr 3 /N 2 

Sterling et al. (1968) 


b 2 h 6 /nh 3 

Oell'Oca et al. (1971) 

P3N5 

p/n 2 

Veprek and Roos (1976) 

PH 3 /N 2 

Veprek et al . (1981) 

SIN 

$1H 4 /N 2 

Kuwano (1968, 1969) 

Gereth and Scherber (1972) 
Relnberg (1977) 


sih 4 /nh 3 

Dun et al . ( 1981 ) 

Stirling and Swann (1965) 
Swann et al . ( 1967 ) 

Joyce et al . (1968) 
Horsley (1969) 

Taft (1971) 

Rosier et al. (1976) 

Kumar (1976) 


sih 4 /nh 3 /n 2 

Kern and Rosier (1977) 


sici 4 /nh 3 

Ron et al. (1983) 


sii 4 /n 2 

Shiloh et al. (1977) 

C. Oxides 
a 1 2°3 

aici 3 /o 2 

Katto and Koga (1971) 
Sokolowskl et al . (1977) 

B 2°3 

b( 0 C 2 h 5 ) 3 /0 2 

Secrlst and Mackenzie (1966, 1969) 

Ge 0 2 

Ge(0C 2 H 5 ) 4 /0 2 

Secrlst and Mackenzie (1966, 1969) 


GeCl 4 /0 2 

Kueppers et al. (1976, 1978) 



Kueppers and Lydtln (1980) 




TABLE IX. - Continued. 


S10 2 

skoc 2 h 5 ) 4 

Alt et al. (1963) 


skoc 2 h 5 ) 4 /o 2 

Ing and Davern (1964) 



Secrlst and Mackenzie (1966, 1969) 



Mukherjee and Evans (1972) 


S1C1 4 /0 2 

Kueppers et al . (1976, 1978) 



Kueppers and Lydtln (1980) 


sih 4 /o 2 

Stirling and Swann (1965) 


S1H 4 /N 2 0 

Joyce et al. (1968) 



Kirk (1974) 



Hollahan (1979) 

T 0 
X y 

tkoc 2 h 5 ) 4 /o 2 

Secrlst and Mackenzie (1966, 1969) 

D. Oxynitrides 



s Vy N z 

S10/N 2 

Mashlta and Matsushima (1974) 


S1H./N0/NH, 
4 J 

Mashlta and Matsushima (1974) 


TABLE X. - GIBBS ENERGY OF FORMATION AT 773 K FOR REFRACTORY COMPOUNDS 3 
AG at 773 K, kcal mol- 1 


Borldlng 

Nitriding 

Carburizing 

T1 + 2B = T1B 2 

-68.0 

T1 * (1/2)N 2 - TIN 

-63.0 

T1 + C = TIC 

-41.9 

2T1 + 5B = T1 2 B 5 

-99.5 

V + (1/2)N 2 = VN 

-43.5 

V + C - VC 

-11.3 

V + 2B = VB 2 

-60.0 

4Cr + (1/2)N 2 = 2Cr 2 N 

-26.5 

7Cr + 3C = Cr 7 C 3 

-46.4 

CR + 2B - CrB 2 

-30.2 

B + (1/2)N 2 = BN 

-18.5 

2Fe + C = Fe 2 C 

+2.0 



Al + (1/2)N 2 * AIN 

-59.8 

4B ♦ C a B 4 C 

-10.9 



3S1 + 2N 2 * S1 3 N 4 

-117.8 

SI f Ca SIC 

-11.5 


a Data collated from Handbook of Refractory Compounds, by G. V. Samsonov and 
I. M. Vlnltskll , IFl/Plenum Publishing Co., New York, 1900. 





TABLE XI. - KINETICS OF REACTIONS IN 
PLASMA SURFACE INTERACTIONS (PSI) 



TABLE XII. - FLUXES AND RATES OF SPUTTERING, ETCHING AND DEPOSITION 
OF SILICON IN A MICROWAVE (2.45 GHz) PLASMA 


Kinetic Energy of Ar* = 600 eV 1 

J Ar + = 3.4 x 10 1& cm- 2 s _1 
5xl0- 2 < P < 2.0 torr 

n^Ar*-) = TO’W 3 

0 c i 2 = TO^cm-V 
SI substrate grounded 



• • SI 

Plasma 

Sputter 

Etch 3 

Deposition^ 


Ar 

Ar + F 2 

Ar + Cl 2 

Ar + SIF4 

Ar + S1C1 4 

Ar + SICI4 +H 2 

Flux = 10 lb cnr 2 *- 1 

1.6 

9.5 

1.9 

1 .0 C 

1.2C 

2.8 C 

Rate, nms -1 

- 

0.08 

0.03 

1.2 

1.22 

1.55 


a F1ux data from Winters (1980) and Vinogradov et al. (1982); rate data on 
single crystal from Chapman (1980) and Vinogradov et al. (1982). 
b M1crocrystall1ne SI film deposited at 0.5 and 2.0 torr from 5 vol % S1F 4 In Ar 
(Avnl, unpublished), 5 vol % S1F 4 In Ar (data from Avnl (1984) and Avnl et 
al. (1983b)), and 5 vol 55 SICI4 + 15 vol % H 2 In Ar (data from Avnl (1984) 
and Avnl et al. (1983a, b)). 

c Calculated from the Is^/ll normalized concentration as measured by mass 
spectrometry (data from Avnl (1984) and Avnl et al . (1983b)). 







TABLE XIII. - REACTION MECHANISM FOR PLASMA-POLYMERIZATION 
OF UNSATURATED HYDROCARBONS 3 


Initiation 

1 . e + M„ -> M ' + H 0 + e 

g g 2 

2. e ♦ M„ -> M ' + 2H + e 

g g 

3. e ♦ •> 2R„ + e 

g g 

4. e ♦ H 2 -♦ 2H ♦ e 

Propagation (Homogeneous) 

[H_ _ 

-> R„ 


5. H + 


6. R„ + 


g 


a l 


g 


3 n 

Adsorption 

(M 

7. S + 


R 


X 


g ) a n*l 

r 

8. S + H -> H s 

9. S + R g ^ R s 

n n 


9(J 5 
M g) K 


Propagation (Heterogeneous) 

IM. 


10- R *n» Im!'1- >R S 


a n<-l 


"• Viv 

Termination 

i ’ \ 

12. H $ + H * H 2 

13. R„ + H -» 

P„ 

g m 

9 m 

14. R ♦ R 

-> P rt 

g m 9 n 

9 m+n 

15. R ♦ R 

P 

g s 

y m n 

s m+n 

16. R ♦ R -> P 

s n 

s 

m 

Reinitiation 

tntn 

17. e + P 

-* R„ ♦ 

g 

3 m+n 

9 m 

18. P e » hu » 

il K 

s 

s , 

19. H + P -> 

R ♦ H, 

g 

y n 

% ' 

20. H + P -> 

R + H, 

S n 

s n ' 


* R„ 


a From J. M. Tlbblt, R. Jensen, A. T. Bell, and M. Shen, Macromol. 10, 
647(1977), by permission of the American Chemical Society. 


TABLE XIV. - OVERALL REACTION RATE CONSTANTS (k ) FOR THE DISSOCIATION 

OF C„H c , S1H . , AND S1C1, * 

3 6 4 4 

Input power = 100 W 

Position H - G 

Pressure = 1 .0 torr 


Overall reaction time (t 0 ) = 2.2 ms 


Gas mixture, voljS 

Plasma 

k 0 ( Ar ♦ H 2 )(NH 3 ) 
ko 

c 3 h 6 

SIH4 

sici4 

k 0 ( Ar) 

Overall reaction rate 
constant, k 0 , s _1 

16 C 3 H 6 + Ar 

228 

- 

- 

0.26 

66 C 3 H 6 + Ar 

60 

- 

- 

.26 

5.0 S1H 4 + Ar 

- 

330 

- 

.29 

5.0 S1H 4 +■ 15 H 2 + Ar 

- 

95 

- 

.29 

3.5 S1C1 4 + Ar 

- 

- 

15 

40.0 

3.5 SICT4 + 20 H 2 ♦ Ar 

- 

- 

600 

40.0 

3.5 SICI4 * 15 NH 3 + Ar 

- 

- 

400 

27.0 


a From R. Avnl, U. Carml, A. Inspektor, and I. Rosenthal, NASA Tech. 
Paper-2301, April 1984. 



TABLE XV. - MONOMER COMSUMPTION (dM/dt) AND DEPOSITION RATE (dG/dt) IN rf PLASMAS 

2 

[Reactor cross section 80 cm . ] 


Monomer In 
gas mixtures 
vol % 

Monomer feed 
mg cm _ 2 

Monomer 

Dissociation 3 

mg cm 

-2 s -i 

v eff/ v(9) 

dM/dt 

dG/dt 

b 5 S1C1 4 + 20 H 2 /Ar 

0.30 

85 

0.25 

0.10 

0.40 

c 3.5 S1C1 4 + 15 NH 3 /Ar 

.19 

80 

.15 

.07 

.46 

d 16 C 3 H 6 /Ar 

.35 

82 

.29 

.14 

.48 

e 5 BC1 3 + 15 H 2 /Ar 

.40 

75 

.30 

.10 

.34 

f l (CH 3 ) 4 S1 + 5 H 2 /Ar 

.28 

78 

.22 

.08 

.36 


a Measured by a quadrupole mass spectrometer sampling the plasma at different 
locations (Avnl (1984) and Avnl et al. (1983b)). 

b M1crocrystal 1 Ine SI deposited on ATJ graphite, grounded, P = 2 torr (data 
from Havens et al. (1976)). 

c S 1 3 N 4 deposited on AISI400 steel, floated, P - 4 torr (data from Ron et 
al. (1983)). 

d Pyrocarbon deposited on ATJ graphite, biased at -100 V, P = 7 torr (data 

from Inspektor et al. (1981)). 

e Bor1dat1on of AISI400 steel, grounded FeB, P = 3 torr (data from Raveh et 
al. (1983)). 

f S1C deposited on T1 alloys, grounded, P = 4 torr (data from Katz et al. 
(1980)). 

9See text and Khalt et al. (1980). 
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